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Abstract 

The present thesis addresses the contactless material property-independent handling of 

matter in air, by introducing four novel concepts for acoustic field modulation. They all 

exploit the acoustic radiation pressure to overcome the gravitational force and to realize 

contactless translation and rotation of multiple objects. 

The first concept is based on a linear-focused acoustic levitator. The levitation and 

translation of polystyrene particles (density 1000 times higher than the surrounding 

medium) over a length of 37 mm (ca. 37 particle diameters) were experimentally 

demonstrated, numerically modeled and explained. The results of the model show 

quantitatively how the acoustic pressure distribution inside the levitator chamber and the 

position of the potential nodes depend on the distance between reflector and radiating plate 

when the plate is driven in a flexural resonance mode. The physics behind this concept was 

investigated through 3-D numerical modeling the results of which were verified against 

experiments of others. 

The performance of a line-focused levitator is strongly dependent on the envelope of 

geometric parameters. This dependence was studied systematically, developing a numerical 

model using the finite element method. Both rigid and flexural radiating plates are 

considered. The effects of all important geometric parameters on the resulting acoustic 

potential patterns were investigated. After successful experimental validation, the model 

proved to be reliable in predicting the position as well as the force exerted on the levitated 

particles.  

The possibility to extend the line-focused levitator to the transport of liquid samples was 

also analyzed. Transport and levitation of droplets in particular, involve two limits of the 

acoustic forces. The lower limit corresponds to the minimum force required to overcome the 

gravitational force. The upper limit corresponds to the maximum acoustic pressure beyond 

which atomization of the droplet occurs. As the droplet size increases, the lower limit 

increases and the upper limit decreases. Therefore to have large droplets levitated, 

relatively flat radiation pressure amplitude during the translation is needed. Extending the 

existing theory from rigid particles to droplets, the range of sizes for which the droplets can 

be levitated and transported without atomization is identified. 

Transport adds complexity to the stability of a levitated particle, due to the irregular 

acoustic field shape and particle inertia effects. A fundamental study addressing this issue 
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was carried out. The physical principles for stable levitation of rigid spheres and ellipsoids 

in a viscous fluid were investigated. It is showed that the stability behavior of a levitated 

particle in an axisymmetric levitator is unequivocally connected to the radial forces: the loss 

of levitation stability is always due to the change of the radial force sign from positive to 

negative.  

The second concept goes well beyond the limitations of the line focused levitator by 

introducing a novel acoustophoretic concept, enabling the continuous planar transport and 

processing of an unlimited number of acoustically levitated droplets and particles over a 

wide range of volumes (0.1-10 μl) in air. The concept is based on the ability to spatially and 

temporally modulate the acoustic node regions in the acoustic field, enabling the reversible 

transition from material trapping to acoustophoretic transport. Representative experiments 

with droplets or particles, illustrating contactless coalescence, mixing, encapsulation and 

DNA transfection, amply underpin the capabilities of the method. Additionally, the levitation 

and handling of extremely elongated objects with characteristic length much larger than the 

acoustic wavelength was demonstrated through their transport and rotation. 

The third concept introduces the rotation of levitated matter in air, including angular 

positioning and translation along multiple circular paths. The acoustic field is modulated in 

such a way that the acoustic potential nodes are controlled in shape, space and time along 

circular paths. Contactless rotation, transport and positioning of water droplets and 

multiple particles in the mm range over paths of several centimeters were experimentally 

demonstrated, numerically modeled and explained. The transport orbit planes are parallel 

to the gravity vector, implementing an acoustophoretic lift. The material-independency and 

biocompatibily of the acoustic radiation pressure effect pave the way for new processes, 

from contactless in-drop centrifugation to earth surface performance of microgravity 

experiments. 

The fourth concept exploits the additional degree of freedom offered by the levitator 

components – the reflector - presenting a concept of acoustophoresis enabled by the fact 

that the geometry of the resonating structure can “morph” locally by mutual interaction 

with a discretized emitting surface. This coupling strongly enhances the acoustic field 

locally, allowing heavier object to be levitated and transported. In particular the stability is 

improved by the self-focusing effect exerted by geometrical adaptation. By exploiting both 

the low reaction forces and low relaxation time of a liquid and enhancing the surface tension 

by the use of a thin membrane of a plastic compound, the soft reflector structure is able to 
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adapt its shape at the needed location along a plane. With such a coupled system, the joint 

interaction of emitters and reflecting soft-structure, a 5mm steel sphere (0.5 grams) was 

contactlessly transported in air solely by acoustophoresis. 
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Sommario 

Manipolazione senza contatto omnimateriale: questo è l’obbiettivo della presente tesi, 

ottenuto con l’introduzione di quattro prototipi basati sul controllo spazio-temporale del 

campo acoustico. Tali metodi sfruttano la pressione di radiazione acustica per 

controbilanciare la forza gravitazionale e per traslare e ruotare campioni multipli 

simultaneamente. 

Il primo prototipo si basa sul concetto di levitatore a fuoco lineare. Sfere di polistirene della 

densità 1000 volte superiore a quella del fluido ospitante sono state levitate e traslate lungo 

una traiettoria di 37 mm (ca. 37 volte il diametro della sfera). La dimostrazione 

sperimentale è accompagnata da una analisi numerica tridimensionale che ne spiega la 

natura fisica. Tale analisi mostra quantitativamente come la distribuzione del campo 

acoustico all’interno della camera di levitazione e la posizione dei minimi del potenziale 

acoustico dipendano dalla distanza fra riflettore ed emittitore quando quest’ultimo è 

sollecitato nel primo modo di risonanza flessurale.  

Le prestazioni di un levitatore a fuoco lineare sono intimamente collegate ai suoi parametri 

geometrici. Tale influenza è stata studiata sistematicamente, sviluppando un modello 

tridimensionale ad elementi finiti. Sia l’oscillazione rigida che quella flessurale 

dell’emettitore sono stati presi in esame. Il modello è stato validato sperimentalmente, 

dimostrandosi capace di predire sia la posizione del campione levitato che la forza 

esercitata su di esso. 

L’uso del levitatore a fuoco lineare per il trasporto di campioni sotto forma di gocce ha chiari 

benefici in molteplici applicazioni. La teoria esistente del potenziale acustico è stata quindi 

rivista per includere anche la levitazione ed il trasporto di campioni sotto forma di gocce. 

L’analisi ha permesso di individuare i due limiti di potenziale per levitazione e trasporto di 

campioni liquidi: quello minimo che controbilanci la forza di gravità, e quello massimo, che 

non ecceda le forze di interfaccia (oltre il quale la goccia atomizza esplosivamente). 

Il trasporto, combinato alla levitazione, introduce ulteriori elementi di instabilità. Uno 

studio che cerchi di capire la fisica della levitazione acoustica e della stabilità dei campioni 

levitati gioverebbe a progetti futuri. Partendo dalla modellazione tridimensionale del più 

classico dei levitatori – quello assial-simmetrico, la radiazione di pressione su sfere ed 

ellisoidi rigidi in un fluido viscoso ha fornito delle risposte univoche: la perdità di stabilità è 

inequivocabilmente connessa al cambio di segno della forza radiale da positiva a negativa. 
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Il secondo prototipo supera le limitazioni intrinseche del levitatore a fuoco lineare: 

discretizzando la superficie dell’emettitore, è possibile effettuare il trasporto planare in aria 

di campioni liquidi o solidi in un ampio range di volumi (0.1–10 μl) con un alta precisione e 

controllo. Una vasta gamma di esperimenti con gocce o campioni solidi, spaziando da 

coalescenza all’incapsulamento, illustrano le possibilità del metodo. In aggiunta, il prototipo 

permette la levitazione e la manipolazione di oggetti lungiformi dalla dimensione 

caratteristica molto più grande della lunghezza d’onda acustica. 

Il terzo prototipo introduce la simultanea levitazione e rotazione di materia in aria, inclusi 

posizionamento angolare e translazione lungo orbite. Il campo acustico è modulato in modo 

tale da avere il controllo dei minimi di potenziale acustici in forma, spazio e tempo lungo 

delle traiettori circolari. La rotazione, il transporto e il posizionamento angolare di gocce 

d’acqua e molteplici particelle è stata provata sperimentalmente e la fisica del fenomeno 

studiata e spiegata grazie ad un modello numerico. Essendo il piano di rotazione parallelo al 

vettore gravitazionale, il prototipo agisce a mo’ di ascensore acustoforetico. Essendo 

l’acustoforesi indipendente dalle proprietà elettromagnetiche del campione e totalmente 

biocompatibile, il prototipo presentato apre la via per nuovi processi, spaziando da 

centrifughe in-goccia allo studio di fisica di base in condizioni di microgravità. 

Il quarto prototipo sfrutta un ulteriore grado di libertà del levitatore – il riflettore. L’idea 

alla base è utilizzare una geometria che modifichi se stessa attraverso la mutua interazione 

con un emettitore discretizzato. Tale interazione incrementa il campo acustico localmente, 

rendendo così possibile la levitazione ed il trasporto di oggetti più pesanti. Soprattutto la 

stabilità ne beneficia, grazie all’autofocheggiamento creato dalla deformazione geometrica. 

Sfruttando il breve tempo di rilassamento e le deboli forze di reazione di uno strato liquido e 

aumentando la tensione superficiale tramite una sottile membrana plastica, la struttura 

soffice è in grado di adattare la sua forma nei punti voluti lungo un piano. Con tale sistema 

una sfera di acciaio di 5 mm in diametro (0.5 grammi) è stata trasportata in aria senza 

contatto con il solo uso dell’acustoforesi. 
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1 Introduction 

 

When Orpheus saved the Argonauts from the enchanting but deadly song of the Sirens, he 

had only a layman’s knowledge of the principles behind the powerful function of his lyre. As 

one of the greatest musician of all times, he had a perfect, natural feeling of pitch, but the 

physics behind the generation and propagation of sound remained unknown for a long time. 

It took a couple of millennia since the time of Orpheus and the intellectual ability of one of 

the founders of classical physics, Galileo Galilei, to associate the pitch with the frequency of 

vibration of a sound producing body [1-2]. After this long inaction, moving towards a 

quantitative analysis of sound was, by comparison rapid. The development of mathematical 

tools accelerated quickly in the 18th century, and Taylor, Bernoulli, D’Alambert and Euler 

finally developed a rigorous understanding of the related physics. By that time, the 

sophistication of the mathematical analysis had grown enough not only to explain natural 

phenomena, but to also predict them. With his work “Electricity and Magnetism” (1874), the 

Scotsman James Clerk Maxwell set up a new standard for being extraordinarily concise, by 

tidying up hundreds of existing scientific papers and empirical knowledge in four lines of 

equations. In that work, he also deduced that electromagnetic waves exert a radiation 

pressure on objects. Quoting Beyer [3]: 

“Now the study of one form of wave motion does not long lag behind the other. If they have 

photons, we have phonons, if they have radar, we have sonar, and if they have radiation 

pressure, then we must have it too.” 

Electromagnetism left acoustics searching itself, but acoustics also had its star scientist in 

John William Strutt, third Baron Rayleigh. In two dedicated paper dating back to 1902 and 

1905, he arrived at the acoustic radiation pressure concept, which bears his name [4-5]. 

Acoustic radiation pressure, until that time, had never been observed. In fact, as a second 

order effect of the acoustic field, it is in most of the cases very weak. However, under 

particular conditions it can become significant and cause fascinating phenomena.  

Not even two decades ago (1998), Wang and Lee would write [6] “When acoustic radiation 

pressure acts on the surface of a small object, it imposes a net force on the object called the 

acoustic radiation force. In practice, this force is very weak in comparison to gravity. 

However, with the accessibility of a microgravity environment provided by Space flights in 

recent years, intense interest has arisen in processing of material without possible 
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contamination by a crucible, i.e. ‘containerless processing’. Acoustic radiation force is best 

suited for this purpose. The containerless handling of materials using this force is called 

acoustic levitation”. In writing this résumé, Wang and Lee did not mention the impressive 

experimental results under terrestrial condition obtained by Whymark in the seventies [7]. 

In an excess of modesty, they also ignore their effort and work done in levitating droplets 

under the effect of gravitational force [8-10]. They wanted to underline perhaps the 

difficulty for acoustic radiation pressure, to be a controllable force able to transport 

samples in space for realistic, high density liquids and solids in a low density medium (i.e. 

air). Without this the usefulness of radiation pressure in technological applications would 

indeed be marginal. 

To the ever skeptical scientific community, Igor Sikorsky, father of the helicopter, replied: 

"According to the laws of aerodynamics, the bumblebee can't fly either, but the bumblebee 

doesn't know anything about the laws of aerodynamics, so it goes ahead and flies anyway."  

The present work makes a significant step forward by proving and demonstrating 

unequivocally that acoustic radiation pressure can be used under terrestrial condition to 

transport, rotate and position in air a broad palate of material samples, without intrinsic 

limitations with respect to the kind of material and without any particular geometry 

restrictions. 

The importance of such results is of interest to a wide range of applications. Especially at 

small scales, transport of solids and liquids has always been a difficult task, since adhesion 

forces play a major role at dimensions below the mm [11]. A significant achievement in the 

past years has been modifying the solid surface to reduce frictional losses, establishing new 

fields such as super-hydrophobicity and icephobicity [12], and it has been advanced even 

further by modifying the droplet surface itself [13]. However, these techniques still require 

physical contact with a surface(i.e. possible contamination).  

Contactless handling of matter avoids solid-solid and solid-liquid contact, combining the 

almost frictionless nature of gas with the advantage of being contact-free. Such 

characteristics have always been a target for many kinds of manufacturing processes, the 

contact with the object being an interference with the process itself. Electrical, magnetic and 

optical properties are the most popular contactless techniques, ranging for the single 

protein trapping [14] to levitation of commercial train [15]. The desired position resolution 

can go down to the nm range [14], and the magnitude of the force does not have a practical 

limit per se, especially after the spread of affordable lasers and superconducting magnets, 
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respectively. On the other hand, the samples are required to have precise material 

properties (electrical or magnetic), hampering their utility because of some crucial 

drawbacks. In fact, the handling system design is coupled with the levitated object. Possible 

multi-object handling has to be carefully studied, since samples of different materials 

manipulated in the system react differently to the same stimulus. Moreover, a laborious 

sample preparation is often an additional required step [16]. Strong electrical, optical and 

magnetic fields are necessary to levitate an object in air. Extending the sample set to a living 

creature, strong is not always synonymous of good: intense magnetic, electrical and optical 

fields have negative consequences on the handling living samples. On the other hands cells, 

bacteria [17] and even small animals [18] can be handled by acoustic radiation pressure 

harmlessly. Being a proven long-term biocompatible handling technique, acoustic levitation 

can be beneficial to a wide range of biochemical and pharmaceutical processes. An acoustic 

force strong enough to levitate water-like density samples would pave the way, for example, 

to a brand new field of contactless biochemical reactions.  

There are two basic requirements to extend acoustic levitation so that it can handle heavy 

matter in air: magnitude and positioning control. To date, achieving the latter always 

required sacrificing the first. Mercury and iridium (the heaviest liquid and solid on Earth, ρ 

= 13.54 g/cm3 and  22.56 g/cm3, respectively) were successfully levitated in a 

axisymmetric levitator by Xie and Wei only few years ago [19]. In axisymmetric levitators, 

the emitted acoustic wave is reflected and focused in a nodal point, strongly enhancing the 

acoustic forces. The fundamental drawback of such configuration is that no transport is 

possible. 

The first intuition to expand this concept to transport is due to Kozuka [20-23]. For more 

than two decades he and his coworkers worked on different concepts, probably the most 

successful one being the line focused levitator[24]. Similar to the axisymmetric levitator, the 

emitted acoustic waves were focused by a reflector, but this time along a line. This 

configuration was intrinsically suited for linear movement, allowing the transport of 

alumina particle (16µm in size) in water. 

The first part of the present work extends the line-focused acoustic levitation and transport 

to heavy particles in air. Chapter 2 showcases the new concept, by which levitation and 

translation of polystyrene particles (density 1000 times higher than the surrounding 

medium) over a length of 37 mm (ca. 37 particle diameters) were numerically modeled and 

experimentally demonstrated. The results of the model show quantitatively how the 
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acoustic pressure distribution inside the levitator chamber and the position of the potential 

nodes depend on the distance between reflector and radiating plate when the plate is driven 

in a flexural resonance mode. 

The performance of a line-focused levitator is strongly dependent on the envelope of 

geometric parameters. In Chapter 3 this dependence is studied systematically, developing a 

numerical model using the finite element method. Both rigid and flexural radiating plates 

are considered. The effect of all the important geometric parameters on the resulting 

acoustic potential patterns is investigated. After successful experimental validation, the 

model proves to be reliable in predicting the position as well as the force exerted on the 

levitated particles.  

The possibility to extend the line-focused levitator to the transport of liquid samples is 

analyzed in Chapter 4. Transport and levitation of droplets in particular involve two limits 

of the acoustic forces. The lower limit corresponds to the minimum force required to 

overcome the gravitational force. The upper limit corresponds to the maximum acoustic 

pressure beyond which atomization of the droplet occurs. As the droplet size increases, the 

lower limit increases and the upper limit decreases. Therefore to levitate large droplets, 

relatively flat radiation pressure amplitude during the translation is needed. In this study, 

extending the existing theory from rigid particle to droplets, the line-focused levitator is 

investigated to extend the range of droplet sizes for which the droplets can be levitated and 

transported without atomization. 

Transport adds complexity to the stability of a levitated particle, due to the irregular 

acoustic field shape and particle inertia effect. A fundamental study addressing this issue is 

performed. The physical principles for stable levitation of rigid spheres and ellipsoids in a 

viscous fluid are discussed in Chapter 5. Here it is shown that the stable levitation of a 

particle in an axisymmetric levitator is unequivocally connected to the radial forces: the loss 

of levitation stability is always due to the change of the radial force sign from positive to 

negative.  

The limitations of the line-focused levitator were overcome with a new concept of acoustic 

levitation, described in Chapter 6. By discretizing the acoustic emission plane, the planar 

transport and processing of one or more droplets and particles over a wide range of 

volumes (0.1–10 μl) in air with high positioning accuracy and controllability was achieved. A 

broad palette of experiments with droplets or particles, illustrating contactless coalescence, 

mixing or encapsulation, amply underpins the capabilities of the concept. In addition, the 
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levitation and handling of elongated objects with characteristic length much larger than the 

acoustic wavelength was demonstrated through transport and rotation.  

The additional degree of freedom often desirable in handling is rotation. Chapter 7 

showcases a concept for contactless rotation and transport of droplets and solid particles in 

air. The acoustic field is modulated in such a way that the acoustic potential nodes are 

controlled in shape, space and time along a circular path. Contactless rotation, transport and 

positioning of water droplets and multiple particles in the mm range over paths of several 

centimeters were experimentally demonstrated, numerically modeled and explained. The 

transport orbit planes are parallel to the gravity vector, implementing an acoustophoretic 

lift. 

Finally, an investigation on the critical role of a seemingly passive reflecting structure on 

acoustic levitation forces, is reported in Chapter 8. Here a concept of acoustophoresis is 

demonstrated, in which the geometry of a novel resonating structure self-modifies (morphs) 

locally by mutual interaction with a discretized emitting surface. This coupling strongly 

enhances the acoustic field locally, allowing heavier objects to be levitated and transported. 

Especially the stability is improved by the self-focusing effect exerted by geometrical 

adaptation. By exploiting both the low reaction forces and low relaxation time of a liquid 

and enhancing the surface tension by the use of a thin membrane of plastic compound, the 

soft structure is able to adapt its shape at the needed location along a plane. With such a 

coupled system, the joint interaction of emitters and reflecting soft-structure, a 5mm steel 

sphere (0.5 grams) was contactlessly transported in air solely by acoustophoresis. 
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2 Line-Focused Levitation for Contactless Transport of 

Acoustically Levitated Particles 

 

Parts of this chapter were published in: 

D. Foresti, N. Bjelobrk, M. Dorrestijn, M. Nabavi, and D. Poulikakos. Contactless transport of 

acoustically levitated particles. Applied Physics Letters 97, 161904 (2010). 

 

2.1 Abstract 

In this chapter is presented a method for the acoustic translation of solid particles of water-

like density in air, by employing a single transducer and controlling the pressure field 

through regulation of the distance between the reflector and the radiating plate. The 

levitation and translation of polystyrene particles over a length of 37 mm (ca. 37 particle 

diameters) were experimentally demonstrated, numerically modeled and explained. The 

results of the model show quantitatively how the acoustic pressure distribution inside the 

levitator chamber and the position of the potential nodes depend on the distance between 

reflector and radiating plate when the plate is driven in a flexural resonance mode. This 

phenomenon significantly extends the range of applications of acoustic levitation. 

 

2.2 Introduction 

Acoustic levitation is considered to be one of the best contactless handling techniques [25-

27]. Its most peculiar characteristic is that it is material independent, which makes it a 

valuable option for a wide spectrum of  investigations such as liquid phase separation of 

alloys [28],  thermal diffusivity coefficient determination of under-cooled liquids [29] or 

other property measurements using advanced analytical devices. Due to the small force that 

radiation pressure exerts on samples, the earlier applications of the acoustic levitation were 

in microgravity [7]. Nowadays, acoustic levitation devices are able to exert a force sufficient 

to levitate the heaviest solid (iridium, ρ=22.6 g/cm3) and liquid (mercury, ρ=13.6 g/cm3) on 

the Earth [19].  
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The axi-symmetric levitators are the most used and the most studied type of acoustic 

levitators [26, 30-31]. In these devices, particles are entrapped at the pressure nodes of the 

standing wave established between a radiating plate and a reflector. Several parametric 

studies of the axi-symmetric acoustic levitator were performed by Xie and his co-workers, in 

which the effects of the shape of the reflector [19, 32-33], temperature [34-35], the size and 

shape of the levitated object [36-37] were investigated. They have also investigated the 

interaction of acoustic levitation field with a liquid reflecting surface in an axi-symmetric 

levitator [38] as well as the multiple-lobed shape bifurcations of rotating drops [39]. 

Further investigations on droplet levitation have been performed by Lierke [40-43] who 

proposed a hybrid system, in which other levitation forces co-participate to the noncontact 

handling of the sample [44]. 

Translation of levitated particles or droplets could significantly extend the application 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 in a single, continuous in-

stillo process [30, 45].   

To levitate objects, the acoustic levitation force has to compensate the gravitational force. 

While strong levitation force is required to stabilize the levitated object in an axi-symmetric 

levitator [43], even stronger force is required when transportation of the levitated samples 

has to be achieved. In fact, inertia of the sample introduces an additional force. When the 

buoyancy force becomes stronger the gravity force becomes correspondingly less of 

challenge to overcome. Indeed, acoustic levitation and movement of particles in liquids is 

easier to realize and has been the subject of many scientific investigations [24, 46-48].  

One of the first such studies on the transportation of the levitated particles was a line 

focused levitator proposed by Kozuka et al.[24]. By producing high frequency vibration 

(around 2.1 MHz) in water using an array of piezoelectric transducers, they were able to 

move alumina particles (16 μm in diameter, ρ=3.5-4 g/cm3) over several millimeters 

sequentially in two directions, either along the sound beam axis by frequency shift (1.8-2.4 

MHz) or perpendicular to it by switching the driving electrodes of the transducer.  

Due to almost zero buoyancy force, levitation and translation of particles in air becomes 

significantly more challenging than in liquids. Kozuka et al. [23] transported expanded 

polystyrene particles (2-3 mm diameter, ρ<0.1 g/cm3) between two Langevin transducers 
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by changing the phase shift between the driving voltages of the transducers. The particles 

were displaced along a 3D trajectory and oscillated perpendicular to the transportation 

direction.  

Recently, Koyama and Nakamura used a bending vibrator to transport expanded 

polystyrene particles in air over a long distance (60 cm) [49]. In this system, by changing the 

driving phase difference of two bolt-clamped Langevin transducers, the trapped particles 

could be moved with the vertical nodal lines of the standing wave, and the trapped position 

of particles could be controlled with an accuracy of 0.046 mm/deg. They also claimed to be 

able to move ethanol droplets, but no information was provided about the length of the path 

traced by the droplets. In another study, they realized a device for transportation of 

expanded polystyrene particles on a circular trajectory [50]. Similar to the work of  Kozuka 

et al. [24], they used piezoelectric strips to produce and control the vibration of a circular 

plate. 

This chapter presents, explains and demonstrates an acoustic levitation concept, which 

combines stable levitation and transportation of particles of density ca. 1000 times higher 

than that of their surrounding gas (~1 g/cm3 vs. ~10-3 g/cm3) paving the way for 

methodologies to perform complex and demanding processes. The physics behind this 

concept was investigated through both experiment and 3-D numerical modeling. 

 

2.3 The line-focused acoustic levitator 

The line-focused acoustic levitator consisted of a rectangular radiating plate and a 

cylindrical reflector placed at a distant H as shown in Figure 2.1a. The levitator was 

operated in air at the second resonance frequency of the radiating plate/transducer system 

(fres=25.07 kHz). The width, length and thickness of the radiating plate were W=19 mm, 

L=50 mm, and 3 mm, respectively. The shape of the reflector was cylindrical with a length of 

50 mm and a radius of R0= 16.6 mm based on the parametric study reported in [32].  
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Figure 2.1: (a) Line-focused acoustic levitator geometry (b) Qualitative movement of the radiating plate. 

 

2.4 Numerical modeling 

Acoustic levitation is a physical phenomenon generated by the non-linear effect of the 

acoustic field [3]. In linear approximation behavior, a periodic and symmetric oscillation 

does not allow a non-zero mean value of pressure. King [51] was the first to derive an 

analytical solution for the acoustic radiation pressure starting from a linearized model. An 

efficient analytical solution to this problem was given by Gor'kov [52], who introduced a 

time averaged potential U%  based on the RMS (Root Mean Square) value of pressure (p) and 

velocity (v) of the acoustic field.  
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It is seen from this formulation that the particle is moved away from the high pressure area 

and is attracted to the high velocity area (i.e. high negative Bernoulli pressure). This 

formulation is valid as long as the assumption of a standing wave is respected [53]. One of 

the assumptions of Gor'kov's theory is that the particle size is much smaller than the 

wavelength of the acoustic field (in the practical case, R/λ<0.1 [36]). Multiple scattering 

effects are not taken into account. When particles are approaching the wall of the levitator 

chamber, Gor'kov's theory starts to fail [53].  

In this work, the Gor'kov’s theory is applied to the presented acoustic translation system 

and the results are compared with the experiments. 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 a 3-D domain (for details, see section 5.3.2). The 

flexural movement of the radiating plate at fres was investigated with a laser scanning 

vibrometer. This vibration mode was qualitatively confirmed by a 3-D finite element 

harmonic analysis of the radiating plate (simulation was carried out using the FEA software 

Abaqus 6.9-1) and is shown in Figure 2.1b. Finally the radiating plate movement was 

implemented as a moving wall boundary condition.  

 

2.5 Result and discussion 

By varying H within the range H/λ=0.539 to 0.651 for which levitation was experimentally 

observed, three different potential node zones, A, B and C, were defined by the numerical 

model (Figure 2.2). In zone A, two lateral nodes were formed (Figure 2.2a). As H was 

increased, two nodes elongated and formed one long node at H/λ=0.553. In zone B, one 

node in the middle of the domain was formed (Figure 2.2b). From zone A to B, a sudden 

transition was observed by only a 50 μm (0.0036λ) increase in H. The experiments showed 

instability (i.e. oscillating levitation point) during this transition. This could be due to the 

presence of an elongated node at this height, with a flat potential from x/L = 0.2 to 0.8, 

which allows multiple levitation sites. The transition heights between zones A to B (H/λ= 

0.554) and between zones B to C (H/λ= 0.565) showed two weak lateral nodes. However, 

they were weaker than the minimum potential needed to levitate particles. Therefore, these 

two heights were considered to be in zone B. In zone C (Cu and Cd), three nodes were formed 

(Figure 2.2c and Figure 2.2d). The resonance height of the levitator was found at H/λ=0.601. 

By further increase of H (zone Cd), the potential intensity decreased. The potential values at 

H/λ=0.539 and H/λ=0.651 were comparable (about 14% difference). 
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Figure 2.2 The axial variation of the 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. 

 

 

Using the experimental setup, acoustically induced translation of particles along the x-axis 

was verified. Figure 2.3 shows three different particle trajectories along the x-axis (filled 

symbols) for H/λ from 0.539 to 0.651 along with the position of the predicted Gor'kov 

potential minima obtained from the simulation (empty squares). For each of the three 

experiments the particle was introduced in the levitation field at the resonance height 

(H/λ=0.601) in zone C as indicated by arrows and remained levitated along the entire 

trajectory. The predicted levitation zones A-C were in good agreement with the 

experimental results. The particle was set into orbit around the vertical axis when levitated 

at x/L=0.5 slightly below the acoustic resonance height of the levitation chamber.  
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Figure 2.3 The positions of a particle along the normalized x-axis (filled symbols) while varying H/λ from 

0.539 to 0.651 measured from the experiments. The arrows indicate the starting position of each experiment. 

Empty squares show the predicted Gor'kov potential minima obtained from the simulation. The distance H 

between reflector and radiating plate was adjusted via a micrometer screw (10 µm precision). Polystyrene 

particles (1 mm diameter, 1.06 g/cm3 density) were used for all levitation experiments. Videos of the levitation 

experiments were acquired with a CCD camera and processed using an in-house Matlab code. 

 

At the transition from zone C to zone B the particles in the lateral levitation nodes (circles 

and triangles) were rapidly translated to the middle position traveling a distance of 

x/L=0.38 (19 times of particle diameter). Below H/λ= 0.553 (zone A) the levitation was only 

possible at x/L<0.5, presumably due to asymmetries of the setup. In fact, if the radiating 

plate was slightly tilted (H at x=0 shorter than H at x=L), the particle levitation occurred only 

at x/L>0.5 in zone A. In levitation zone C no significant changes in particle position were 

found between the single-particle levitation measurements and experiments where three 

particles were levitated simultaneously, one at each node. 

Both the numerical and experimental results show the presence of three levitation 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 following represents an attempt to explain why varying H creates different 

potential node configurations inside the levitation chamber. The edges of the radiating plate 

vibrate with a much higher amplitude than the middle part (8.3 µm vs. 1.2 µm, Figure 2.1b), 

which makes it possible to neglect the contribution of the central part in the potential node 

configuration. 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 
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nodes (Figure 2.2a). By increasing H, the reflected waves are mainly focused at the center of 

the radiating plate (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 center, but also at the 

opposite sides, initiating two additional nodes at the sides of the radiating plate (zone C). It 

can be inferred that the flexural movement of the radiating plate along with the finite 

dimensions of the radiating plate and reflector play an essential role in creating specific 

potential patterns in our acoustic translation system. This aspect should be considered for 

the design of such devices. 

 

2.6 Conclusions 

In conclusion, a counter-intuitive concept for simultaneous contactless acoustic levitation 

and translation of solid particles of water-like density in air was investigated through both 

experiment and 3-D simulation. By employing a single transducer to drive a flexural plate 

and by controlling the distance between the reflector and the radiating plate, 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 radiating plate 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. 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 radiating plate and the finite 

dimensions of the radiating plate and the reflector. This method paves the way to more 

versatile levitation devices that extend the accessible range of contactless analysis. 
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3 Investigation of a Line-Focused Acoustic Levitation for 

Contactless Transport of Particles 

 

Parts of this chapter are published in: 

D. Foresti, N. Bjelobrk, M. Nabavi, and D. Poulikakos. Investigation of a line-focused acoustic 

levitation for contactless transport of particles. Journal of Applied Physics 109, 093503 

(2011) 

 

3.1 Abstract 

This chapter investigates an acoustic line-focused levitation mechanism presented in 

Chapter 2, enabling the simultaneous transportation of the acoustically levitated particles. It 

is shown that the performance of such a system is strongly dependent on an envelope of 

geometric parameters of the levitator. To study this dependence systematically, a thorough 

numerical model using the finite element method is developed. Both rigid and flexural 

radiating plates are considered. The effect of all important geometric parameters on the 

resulting acoustic potential patterns is investigated. After successful experimental 

validation, the model proves to be reliable in predicting the position as well as the force 

exerted on the levitated particles.  

 

3.2 Introduction 

In the previous chapter, the principle of a counter intuitive transportation concept based on 

a line focused levitator was presented, explained and demonstrated. In the present chapter, 

the focus is on the thorough characterization of this novel concept. The effect of geometrical 

parameters on the acoustic potential field has been numerically investigated, such as the 

length and the width of the radiating plate, the radius and the width of the reflector and the 

distance between the reflector and the radiating plate. Two cases have been considered, 

rigid movement and flexural movement of the radiating plate. The radiating plate sound 

emission distribution for a flexural movement does not have any effect on the resonance 
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peaks, but influences the acoustic field pattern and intensity. The model has been validated 

against the experimental data. 

 

3.3 Numerical Modeling 

An introduction about radiation pressure and Gor’kov potential has already been given in 

section 2.4. The acoustic pressure and velocity of Eq. 2.1 can be calculated by solving the 

linear acoustic equation in the frequency domain. The equilibrium equation of a 

compressible, adiabatic and inviscid fluid for small perturbations is: 
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where p is the excess pressure in the fluid (the pressure in excess of the static pressure), ix

is the spatial position of the fluid particle, and 
fu&& is the fluid acceleration. The constitutive 

behavior of the fluid was assumed to be inviscid, linear, and compressible, therefore,  
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K is the bulk modulus of the fluid. All the variables of interest are assumed to 
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Combining the derivative in space of Eq. 3.3 with Eq. 3.2:  
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Equation 3.4 was solved by the finite element method (FEM) using the commercial software 

Simulia Abaqus (6.9-1).  

The presented line-focused levitator consisted of a radiating plate, a reflector and an 

acoustic medium (Figure 3.1a). Due to symmetry, only a quarter of the domain was 
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modeled. The radiating plate and the reflector were implemented as rigid shells and 

acoustic-structural coupling was enabled. On the radiating plate the displacement boundary 

condition was applied. Infinite elements were used at the outer boundary of the acoustic 

medium. An additional volume was modeled to avoid the influence of the non-reflecting 

boundary condition on the inner volume of the levitator. A volume with a depth of λ/3 on 

the open sides was sufficient to have independent solution. Acoustic modeling problems 

require at least 6 elements per wavelength to have a reasonable accuracy [54]. In our model, 

grid independent results were obtained for 10-12 elements per wavelength. Quadratic 

hexahedral elements were used to mesh the domain. The mesh size was varied between 

3000 elements for the smallest geometry to 30000 for the largest geometry. The required 

memory for a single simulation was between 1GBytes up to 16 GBytes. Due to the large 

amount of data produced by the simulations (>10 TByte), only the information about the 

central axis of the levitator (CA in Figure 3.1 and Figure 3.1b) was analyzed. Data were post-

processed using Matlab. Since the geometry is relatively small, a cubic spline interpolation 

was used for the calculation of the potential in the internodal spaces. 

Both rigid as well as flexural radiating plates were considered (Figure 3.2). The rigid 

radiating plate oscillates uniformly along its surface. The flexural radiating plate oscillates 

such that two flexural nodes of zero displacement are formed, and between these two 

nodes, the central part oscillates in counter phase with the lateral parts. The 

characterization of the flexural movement is described in section 3.2. 

In the rigid case, five geometric parameters were considered herein which are: the length of 

the levitator L (radiating plate and reflector have the same length), the radius of the 

reflector R, the width of the reflector Rb, the width of the radiating plate W and the height 

between reflector and radiating plate H (Figure 3.1b). The reflector had a circular cross-

section. A previous study [10] has shown that an axi-symmetric levitator with circular cross-

section performs better than that with other profiles (hyperbolic and ellipsoidal). The width 

of the radiating plate was normalized to the width limit WL (Wn=W/WL). WL is the maximum 

width allowed by the reflector curvature for a given height. In the flexural case, in addition 

to these five parameters, two more parameters (α and β), describing the flexural movement 

of the radiation plate, were considered. 
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Figure 3.1(a) The line-focused levitator investigated in this study. CA indicates the central axis, (b) Front 

view of the line-focused levitator. 

 

 

Figure 3.2 Rigid and flexural movements of the radiating plate. The two black dots represent the two 

flexural nodes, where the displacement is zero. 

 

It is noteworthy that that although the potential field and the levitation force are functions 

of the resonance mode, this study focuses on the first resonance mode (mode H1, see [32]). 

This configuration gives the highest levitation power [10]. The minimum H considered was 

0.5λ and it was used to define WL for any values of R. The value of H was varied between 

0.5λ and 0.75λ, since higher values of H are considered part of the higher modes (H2…Hn 

modes). 
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3.4 Result and discussion 

Optimizing the line-focused levitator has two major objectives. The first is to find the best 

configuration that reduces the required power for the levitation. The second is to smooth 

the acoustic field strength during pattern transition while varying H.  

 

 

Figure 3.3 The acoustic potential field patterns on y=0 plane inside the levitator chamber for L/λ = 7.2 

and different values of H/λ. During the node splitting, there is a transition phase when the number of nodes 

increases (right column). 
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3.4.1 Rigid Radiating Plate 

Figure 3.3 shows the acoustic potential field patterns on the y=0 plane inside the levitator 

chamber by varying the reflector height H. If H/λ is increased from 0.545 to 0.650, the 

number of nodes increases from one to four. During the node splitting, there is a transition 

phase when a higher number of nodes are formed based on the following formula: 

 

,t bt atn n n= +

 

3.5

 

where nt, nbt, and nat represent the number of nodes during, before and after transition, 

respectively. 

 

 

Figure 3.4 Potential peaks in the levitator for different heights at L/λ = 7.2. The labels on the curve 

identify the heights at which potential patterns (Fig 5) and number of nodes (Fig 6) inside the levitator chamber 

have been investigated.  

 

Figure 3.4 shows the potential minimum curve for L/λ = 7.2 and different values of H/λ. The 

peaks represent the resonance heights (HR), which correspond to the heights where the 

acoustic field pattern splits and additional nodes are produced (transition phase). Labels h1 

to h8 correspond to the potential field plotted in Figure 3.3.  
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Figure 3.5 Potential peak values as a function of H for different values of L. 
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Varying the Length L 

When L is small (L/λ < 2) by changing H, only one node is formed inside the levitator 

chamber. The single node pattern is conserved above the resonance height HR. The reason is 

that when L is small (L≈W), the line-focused levitator becomes similar to an axi-symmetric 

levitator. By increasing L, additional HR values can be found (Figure 3.5). By increasing the 

reflector height H, the acoustic field splits in multiple nodes along the central axis (CA); the 

higher the value of H, the larger the number of nodes. By increasing L, the number of nodes 

for the same height increases; on the other hand, the resonance height HR for the same 

number of nodes decreases (see Figure 3.5). Figure 3.6 depicts an informative contour map 

in which the number of nodes along the central axis is shown as a function of L and H. The 

contour map in Figure 3.6 also shows the transition between different potential patterns. 

For instance, at L/λ=7.2 (vertical dashed line), depending on the value of H, one can find 

1,2,3,4 or 5 nodes.  

 

 

 

Figure 3.6 The contour map of the number of nodes along the x-axis as function of L and H. The vertical 

line corresponds to the length L/λ	= 7.2. The extension of the transition area depends on the thresholds used for 

plotting the contour map. The threshold minimum was 30%, the threshold height was 0.53. Threshold minimum 

equal to 30% means that the potential minimum with a magnitude less than 30% of the strongest potential 

minimum is not considered as a node. The threshold height	was introduced to eliminate false positive in the low 

height area. In the case of a single and flat node, multiple nodes could be observed (very similar in magnitude). A 

threshold height equal to 0.54 means that the number of nodes for the heights below H/λ = 0.54 is set to one. 
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Varying the width Wn 

Figure 3.7 shows the effect of the normalized width of the radiating plate Wn on the 

potential patterns. Together with Rb, Wn determines the access to the chamber in addition to 

the two open sides. As can be observed, varying Wn affects the potential peak only for Wn < 

0.6.  

 

 

Figure 3.7 The potential peak of the levitator by varying H at L/λ = 3.6 for R/λ = 1.5 and 3.  

 

For R/λ=3, an additional peak can be observed at H/λ=0.72. This peak is due to an additional 

node splitting in the y direction. In fact, increasing the radius for a constant value of Wn 

means increasing the absolute value of W. This increase causes a similar situation as the 

increase in L, e.g. node splitting occurs. 

 

Varying the radius R 

The effect of changing the radius of the reflector on the potential peaks for two values of L 

is shown in Figure 3.8. Increasing R reduces the resonance heights HR. In the extreme case of 

R → ∞ (flat reflector) and an infinite domain, the first resonant height will be at H/λ = 0.5 

(the case of resonance height for a plane wave). The height shift of the first HR is better 

shown in Figure 3.9a.  
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Figure 3.8 The effect of changing the radius of the reflector on the potential peaks for L/λ = 3.6 and 6. 

 

Figure 3.9b shows the potential peaks for the first HR for different values of R and L. A 

maximum is found at R/λ =1.75 for L/λ in the range 3.6 to 6. This optimum radius is larger 

than the optimum radius for the axi-symmetric geometry (R/λ ≈ 1.25 in [32]). By increasing 

L, the potential peak increases. The effect of the side opening of a fixed size on the acoustic 

field is reduced by increasing the length of the levitator. 

 

 

Figure 3.9 (a) The resonance heights shifting due to an increase in R, (b) the potential peak of the 

levitator for the first HR. 
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Varying the radius width Rb 

The Rb parameter is important because it determines the lateral access to the levitator. For 

Rb/λ> 0.9, the potential curve does not change significantly. The effects of Rb on the potential 

amplitude for two values of R are shown in Figure 3.10. The resonance heights are shifted 

toward higher values as Rb is becoming smaller. 

 

 

Figure 3.10 The potential peak by varying H for different values of Rb. The behavior is shown for R/λ	= 1.5 

and 3, L/λ = 3.6. 

 

3.4.2 Flexural mode 

A parametric study of a line-focused levitator for a flexural radiating plate requires a model 

of the flexural movement. The acoustic field, for the given geometric parameters, depends 

only on the displacement distribution of the radiating plate surface. The second flexural 

mode, with the central part being in counter phase (180°) with the extremities, was 

considered in this study (see Figure 3.2). This mode has been already used in investigation 

of particle transport using acoustic force (see Chapter 2).  

Figure 3.11 shows half of the entire movement of the radiating plate. The modeled profile 

was a polynomial function A(x). Other functions (sin/sinh/exponential) were analyzed, but 

they were not successful in describing the actual profile. The displacement at x=0, x=βL/2 

and x=L is fixed, and the symmetry condition is imposed ( 0
( ) 0

x
dA x dx = = ). A polynomial of 

at least 3rd order is required to satisfy the above conditions. To avoid a flex, the condition of

( ) 0dA x dx ≥  was also considered. 
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In order to have the highest possible number of polynomials respecting these constraints, 

three different polynomial curves were investigated: 

4 2

0 ( ),ax bx c A x+ + =   3.6 

4 3

0 ( ),ax bx c A x+ + =   3.7 

3 2

0 ( )ax bx c A x+ + =
	
	 3.8 

The first polynomial of the 4th order (Eq. 3.6) resulted in the highest number of possible 

curves in the range of interest. (1< α <12 and 0.25< β <0.75). It was therefore chosen for the 

present study. 

 

 

Figure 3.11 The flexural movement of the radiating plate and its parameterization. The variable x has an 

offset of L/2 to guarantee congruence with the reference system shown in Figure 3.1. 

 

In order to investigate the effects of α and β on the performance of our acoustic 

transportation system, a comparison of the rigid and flexural modes was performed and the 

results are shown in Figure 3.12. The main finding is that the resonance heights HR do not 

depend on the flexural movement parameters. An even more general result is that HR only 

depends on the geometric parameters of the line-focused levitator. In fact, the values of HR 

for the flexural movement are equal to those for the rigid movement. However, the potential 

patterns are affected by α and β. It can be observed that, as the value of α increases the 

second peak of resonance increases. When β increases, the first resonance peak decreases. 

This behavior can be explained by observing Figure 3.11. When β increases, the part of the 

radiating plate with the high amplitude oscillation (α>1) decreases. The lower is the 
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displacement; the lower is the acoustic potential amplitude inside the chamber. The effect of 

β is not significant above the second HR, as can be observed for long levitator (L/λ=7.2). In 

this case, the role of α	is limited to the magnitude of the potential peak. The dependence of 

the acoustic potential patterns on the flexural parameters α and β is shown in Figure 3.13.  

These results can be used to design a radiating plate with smoother transition between the 

patterns. In fact, when droplets are transported, an additional constraint is present: the 

amplitude of the acoustic pressure must be below the atomization limit of the droplet. The 

smaller the potential variation of the nodes, the more stable is the resulting droplet 

levitation. Figure 3.12 shows that this configuration can be achieved with higher values of α 

and lower values of β. 
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Figure 3.12 The potential peaks for different values of the flexural parameters α and β. The rigid case is 

also shown for comparison. 
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Figure 3.13 The potential patterns inside the levitator chamber for different values of the flexural 

parameters α and β. The rigid case is also shown for comparison. The contour plots refer to the central plane  of 

the levitator ( x-z plane, y = 0). 

 

3.5 Comparison with the experiment 

In order to validate the accuracy of the numerical model, the results of the simulations are 

compared with the experiments in terms of the position of the levitated particle and the 

levitation force. The validation was conducted for the flexural case only.  

The experimental setup consisted of a magnetostrictive transducer (Etrema, USA), an 

aluminum radiating plate and a PMMA reflector as shown in Figure 3.1a. The levitator was 

operated in air at room conditions with a sinusoidal driving voltage at the second resonance 

frequency of the radiating plate/transducer system equal to fres=26 kHz, resulting in an 

operation wavelength of λ=13.3 mm. The distance H between reflector and radiating plate 

was adjusted via a micrometer screw (10 µm precision) and measured at L/2. Polystyrene 

particles (Duke Scientific, 1 mm diameter, 1.06 g/cm3 density) were used for all levitation 

experiments. Amplitude vibration was measured with a laser vibrometer Polytec CLV-2534. 

Videos of the levitation experiments were acquired with a CCD camera.  
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The radiating plate exhibited slight asymmetry on both planes. The average values of α and 

β (α and β ) were considered. For the validation, the displacement variation in the y-axis 

was also taken into account. The experimental parameters are given in Table 3.1. 

 

Table 3.1 Radiating plate parameters. 

Parameter Size (mm) Normalized value 

(λ = 13.3 mm) 

L	 50 3.76 

W	 18.9 1.42 

R	 16.6 1.25 

Rb	 16.5 1.24 

α  - 9.6 

β  - 0.32 

 

 

3.5.1 Position of the particle 

First, it was verified the accuracy of the numerical method by analyzing the position of the 

levitated particle along the central axis of the levitator. The potential minimum is where the 

particle is stably levitated. Figure 3.14 shows the positions of a particle along the x-axis 

(filled symbols) while varying H/λ	 from 0.62 to 0.54. The levitator was operated with a 

sinusoidal driving voltage of 70Vpp.The predicted Gor'kov potential minima obtained from 

the simulation (empty circles) are also shown. Figure 3.14 shows a good agreement 

between the model predictions and the experimental data in terms of the position of the 

levitated particle. An offset of ≈100µm in the height (1% of the maximum H investigated) 

between the experimental results and the numerical model is observed in Figure 3.14 as 

well as Figure 3.16. This small offset can be due to the geometrical imperfection and 

asymmetry of the experimental set-up. Indeed, due to the difficulties of having the reflector 

perfectly parallel with the radiating plate, a tilting of 100µm was present during the 

experiment. However, since the model assumed symmetries in two planes, tilting and other 

geometrical imperfection could not be implemented. As predicted by the numerical model 
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and verified by the experiments, three levitation nodes were observed, namely one node, 

two nodes and three nodes zones (see Figure 3.15). 

 

 

Figure 3.14 Particle position along the central axis of the levitator by varying the height. In the 

experiment, the two nodes zone showed an elongated node with two preferential levitation sites (at x/L = 0.75 

and 0.4). An offset of around 100µm (1% of the maximum H investigated) is observed between the experimental 

results and the numerical model. 

 

 

Figure 3.15 The number of nodes along the central axis of the levitator and potential peaks of the flexural 

radiating plate. 
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3.5.2 Acoustic force 

A quantitative analysis of the force exerting on the particle was also carried out. Using the 

herein employed numerical model, the force acting on a particle with a fixed amplitude 

displacement of the radiating plate was calculated.  In the experiment, a direct measurement 

of the force is not possible, because it disturbs the acoustic field. An alternative way to 

compare the force calculated by the model with the experiment is to fix the force required 

for levitation Fs and vary the displacement amplitude of the radiating plate. If the voltage–

displacement characteristic of the radiating plate is given, it is possible to find the minimum 

required displacement for a certain levitator configuration by controlling the voltage only. 

The minimum required displacement was then normalized with the one used in the 

numerical model (1µm). Since the acoustic force is proportional to the square of the acoustic 

pressure and velocity (Eqs. 2.1 and 2.3), the following equation can be used:   

2

0

0

ref

s

exp

A
F F

A

 
= ⋅  

   3.9 

where A0ref represents the reference amplitude of the displacement used in the numerical 

model, A0exp represents the amplitude of the displacement measured in the experiment and F 

represents the equivalent force of the levitator for a displacement amplitude equal to A0ref. 

Figure 3.16 shows the levitation forces predicted by the model and those measured in the 

experiment. The offset of ~100µm between the experimental and numerical values of H is 

also present here. Regarding the magnitude of the force, except at H/λ= 0.55 and H/λ= 0.595 

where resonance takes place, there is indeed good agreement between the model and the 

experiment. It has been already shown that sharp resonance conditions cannot be captured 

in the experiments [20, 32-33, 55]. 
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Figure 3.16 The numerical and experimental acoustic forces at the central node. Below H/λ = 0.55 the two 

lateral nodes configuration did not show a central node. An offset of around 100µm (1% of the maximum H	

investigated) is observed between the experimental results and the numerical model. 

 

3.6 Conclusions 

This chapter presented a systematic parametric study of a line-focused acoustic levitation 

and transportation concept, which could extend the application field of acoustic levitation 

significantly. Both rigid and flexural radiating plates were considered. A numerical model to 

study the geometric parameter dependence of our line-focused acoustic levitator- 

transporter has been developed. According to this model, the levitation force and the 

position of the particles are functions of the length of the levitator (L), radius of the reflector 

(R), width of the reflector (Rb), normalized width of the radiating plate (Wn), height between 

reflector and radiating plate (H), and flexural movement parameters (α and β). The accuracy 

of the model in predicting the particle position and the levitation force was validated with 

an accompanying experiment. The key findings of this model are summarized as follows: 

• By increasing L at a fixed H, the number of nodes (levitation sites) increases.  

• If H/λ is increased from 0.50 to 0.75, the number of nodes increases for L/λ > 2. 

• Increasing R reduces the resonance heights HR. 

• Varying Wn affects the potential peak only for Wn < 0.6. 

• Varying Rb also affects the peak of potential and the potential field distribution for 

Rb/λ < 0.9. 
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• The values of HR for the flexural movement are equal to those for the rigid 

movement. 

• In the flexural mode, the potential patterns are affected by the respective 

parameters α and β. 

• Low β and high α are a good combination to smooth levitation-pattern transition. 
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4 Contactless Transport of Matter in the First Five Resonance 

Modes of a Line-Focused Acoustic Manipulator 

 

Parts of this chapter are published in: 

D. Foresti, M. Nabavi, and D. Poulikakos. Contactless transport of matter in the first five 

resonance modes of a line-focused acoustic manipulator. Journal of the Acoustical Society of 

America 131, 1029-1038 (2012). 

 

4.1 Abstract 

In the present chapter, the first five resonance modes for transport of matter in a line-

focused acoustic levitation system are investigated. Contactless transport was achieved by 

varying the height between the radiating plate and the reflector. Transport and levitation of 

droplets in particular, involve two limits of the acoustic forces. The lower limit corresponds 

to the minimum force required to overcome the gravitational force. The upper limit 

corresponds to the maximum acoustic pressure beyond which atomization of the droplet 

occurs. As the droplet size increases, the lower limit increases and the higher limit 

decreases. Therefore, in order to have large droplets levitated, relatively flat radiation 

pressure amplitude during the translation is needed. In this chapter, using a finite element 

model, the Gor’kov potential was calculated for different heights between the reflector and 

the radiating plate. The application of the Gor’kov potential was extended to study the range 

of droplet sizes for which the droplets can be levitated and transported without 

atomization. It was found that the third resonant mode (H3–mode) represents the best 

compromise between high levitation force and smooth pattern transition and water 

droplets of millimeter radius can be levitated and transported. The H3–mode also allows for 

three translation lines in parallel.  

 

4.2 Introduction 

Among levitation techniques, acoustic levitation is not the most widely employed despite 

growing interest in its use [56]. Its relatively low force (still strong enough to levitate dense 

materials [10]) and restriction on the maximum levitated sample size usually limit its 
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applicability to the millimeter range objects and below [57]. On the other hand, acoustic 

levitation is material independent, which makes it a valuable option for a wide spectrum of 

investigations and property measurements using advanced analytical devices [29, 58-61] . 

The investigation of droplet levitation using acoustic force has a rich history [7, 62-63]. 

Yarin and coworkers, contributed markedly to understanding the physics of axisymmetric 

droplets in axisymmetric levitators [64-66]. A three dimensional study of droplet 

instabilities in an axisymmetric levitator was recently reported [39]. Lierke and coworkers 

contributed significantly in optimizing the levitation of droplets in axisymmetric levitators 

[40, 42-44].  

Compared to solid particles, levitation of liquids imposes one main additional restriction. To 

levitate droplets, the acoustic levitation force has to compensate the gravitational force, and 

at the same time, has to be below the threshold of atomization of the droplet. This means 

that the acoustic pressure should be within a narrow range which becomes narrower as the 

size of the droplet increases [44]. 

Translation of levitated droplets could significantly extend the application field of acoustic 

levitation. Contactless and contamination-free handling is criterion particularly important in 

analytical and bio-analytical chemistry when dealing with small amounts of hazardous, 

high-purity or expensive materials. Moreover, multiple-steps processes can be implemented 

in a single, continuous in-stillo process [30, 45].  

Due to practically zero buoyancy force, contactless manipulation of droplets in air is 

significantly more challenging than that of solid particles in liquids [67]. Transportation of 

expanded polystyrene particles (2-3 mm diameter, ρ<0.1 g/cm3) was reported by Kozuka 

and coworkers [23]. The oscillating 3D-trajectory of the levitated particle was obtained by 

changing the phase shift between the driving voltages of two Langevin transducers. 

Koyama and Nakamura have recently used a bending vibrator to transport expanded 

polystyrene particles in air along a straight path (60 cm) [49]. They also claimed to 

transport ethanol droplets, but no information was provided about the length of the path 

traced by the droplets. In another study [50], the authors utilized piezoelectric strips to 

produce and control the vibration of a circular plate, to achieve transportation of expanded 

polystyrene particles on a circular trajectory. 

Kozuka introduced the concept of line-focused levitation [24]. Their geometry was based on 

a plane emitter with a cylindrical reflector used to focus the reflected waves towards a 



 

37 

 

central line. By actuating individual piezoelectric strips, the 2-D movement of micro-sized 

alumina particles in water was achieved. 

In Chapter 2, the principle of a contactless transport concept based on a line focused 

levitator has been presented, explained and demonstrated. The movement of the particle 

was controlled by varying the reflector–radiating plate height, which caused the splitting (or 

merging) of the levitation nodes inside the levitator chamber. It has been shown the 

capability of the system to simultaneously levitate and transport solid particles of water-like 

density in air (~1 g/cm3 vs. ~10-3 g/cm3) with a travelling length of 37 mm (37 times the 

particle diameter) using a radiating plate oscillating at its second flexural mode. Chapter 3 

focused on the effects of geometrical parameters such as the length and width of the 

radiating plate, the radius and the width of the reflector and the distance between the 

reflector and the radiating plate, on the acoustic potential field. In the previous chapters, the 

research was limited to the first resonant mode (H1), to achieve the highest levitation force.  

In this chapter the study is extended to the first five resonant modes of a line-focused 

acoustic levitator. The investigation of higher modes aims at identifying the most suitable 

resonant mode for transport of levitated liquid droplets, in which the variation in magnitude 

of the levitation power between the different node configurations within the same order of 

magnitude, allows sufficient and appropriate acoustic force for the simultaneous levitation 

and transport of droplets. 

 

4.3 Modeling 

4.3.1 Gor’kov potential and droplet levitation 

The Gor’kov potential is an easy and powerful approach to acoustic levitation (section 2.4). 

In this chapter, the application of Gor’kov potential is extended to simultaneous droplet 

levitation and transport aiming at realizing novel acoustic levitation devices. For small 

droplets (Rs/λ<0.1), the effect of droplet flattening and multiple scattering is negligible [43]. 

In the following, the process for the calculation of the minimum Gor’kov potential (required 

to overcome the gravitational force) and of the maximum Gor’kov potential (beyond which 

the levitated droplet atomizes) is explained in detail.  

To estimate the value of the Gor’kov potential needed to overcome the gravitational force Fg, 

a scaling analysis is performed. With a good approximation, the Gor’kov potential varies 

along the vertical direction z as a cosine function [68] (Figure 4.1):  
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0
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π
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=  

 
% %  4.1 

From Eq (2.3): 

0

4
( ) sin ,F z F z

π

λ

 
=  

 
% %  4.2 

By considering the force equilibrium 0gF F=% %  for the minimum force required, the minimum 

Gor’kov potential reads: 

min 0 0  ,
4

U U F
λ

π
= − = − ⋅% % %  4.3 

It can be seen that the minimum normalized potential value (required to overcome the 

gravitational force) is independent of the droplet size. The reason for this is that for a 

spherical droplet of constant density, 3

minF R∝ , and from Eqs 2.1, 2.2, and 4.1 it can be 

inferred that the minimum normalized Gor’kov potential only depends on the density of the 

object, not on the radius.  

 

 

Figure 4.1 Representation of single potential node and its vertical Gor'kov potential U and acoustic Force 

F qualitavely behavior. 

 

The value obtained by Eq. 4.3 is an approximate value. In fact, in our line-focused levitator 

the distance between the radiating plate and the reflector is varied, and as the height is 

farther from nλ/2, the error increases. However, in the worst case of practical use (H1-mode, 
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maximum height = 0.62λ), the error will be less than 20% and decreases to 8% for the H3-

mode (maximum height = 1.65λ). 

In order to find the maximum value of the Gor’kov potential beyond which the droplet 

atomization occurs, the acoustic Bond number is defined: 

2

2

2
rms s

a

f

p R
B

cσρ
=  4.4 

Ba is a measure of the strength of the radiation stress against the surface tension. The critical 

acoustic Bond number ( cr

a
B ) represents the maximum value of Ba beyond which the 

levitated droplet atomizes. cr

a
B  is a function of Rs. Referring to the theoretical model 

presented by Lee et al.[8] the relationship between cr

a
B  and Rs can be approximated as: 

( / ) 3.2 (1.3 2 / )cr

a s s
B R Rλ π λ= − ⋅  4.5 

For / 0.09sR λ =
 

the value of cr

a
B  calculated using Eq. 4.5 equals 2.46 which is in 

agreement with the value obtained by Yarin et al. [66] ( 2.50cr

a
B = ). Using ( / )cr

a s
B R λ , the 

equivalent prms from Eq. 4.3 can be calculated. Finally, using Eqs. 2.1 and 2.2, the value of the 

maximum normalized Gor’kov potential is obtained. 

 

4.3.2 Finite Element Model 

The present 3-D line-focused levitator geometry consisted of a radiating plate, a reflector 

and an acoustic medium (Figure 4.2a). Its geometrical dimensions of interest were the 

length of the levitator L (radiating plate and reflector have the same length), the radius of 

the reflector R, the width of the reflector Rb, the width of the radiating plate W, the height 

between the reflector and the radiating plate H (Figure 4.2b), and the flexural parameters (α 

and β) (Figure 4.3). The reflector had a circular cross-section [32, 69]. Only the information 

about the central plane of the levitator (CP in Figure 4.2) was analyzed. The acoustic 

equations in the frequency domain for an inviscid fluid were solved by the finite element 

method (FEM) using the commercial software Simulia Abaqus (6.9-1). Due to the symmetry 

of the domain about x-y and x-z planes, only a quarter of domain was simulated. The 

delicate issue of the non reflecting boundary condition (NRBC) at the extremity of the 
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domain was solved using infinite elements and additional fluid volume. For details about the 

model, see section 3.3.  

 

Figure 4.2 (a) The 3-D line-focused levitator geometry simulated in this study. CP indicates the central 

plane, (b) Front view of the line-focused levitator. 

 

A flexural radiating plate was considered in this study (Figure 4.3). The flexural radiating 

plate oscillates in such a way that two flexural nodes of zero displacement are formed, and 

between these two nodes, the central part oscillates in counter phase with the lateral parts. 

The flexural movement was described as a polynomial of 4th order (see section 3.3):  

4 2

0 ( ),ax bx c A x+ + =  4.6 

Two parameters (α and β) were used to characterize the flexural movement (Figure 4.3). 

For our case, a small value of β and a large value of α (Table 4.1) were chosen since they 

offered a smoother pattern transition [69]. The variation of H in the Hn-mode was in the 

range of nλ/2<H< nλ/2+0.4 (n=1 to 5). The same geometrical parameters, as given in Table 

4.1, were used for the different modes.  

 

Figure 4.3 Flexural movements of the radiating plate and its mathematical characterization. The two black 

dots represent the two flexural nodes, where the displacement is zero. 
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Figure 4.4 (a) Experimental set-up of the line-focused acoustic manipulator (b) the predicted and 

measured particle position for the central node and (c) the predicted and measured acoustic force. A polystyrene 

particle of 1mm in diameter and water-like density was used for all the experiments. A more detailed discussion 

can be found in Chapter 3. 

 

Table 4.1 Geometrical Parameters of the line-focused acoustic levitator considered in this study 

Geometrical 

Parameters 

Normalized values 

L/λ 3.8 

R/λ 1.25 

Rb/λ 1.24 

W/λ 0.71 

α 9.6 

β 0.32 

 

 

4.4 Results and discussion 

The contour plots of the Gor’kov potential in the central plane of the levitator (CP in Figure 

4.2) for the first and the second resonant modes are shown in Figure 4.5. In the H1-mode, 

the levitation pattern shows one-node zone between the two-node and the three-node 

zones. At higher values of H (H/λ = 0.7), a transition pattern (5 nodes) between the three-

node and the two-node zones is present. In the H2-mode, the two-one-three-node zones with 

a transition pattern (5 nodes) at H/λ = 1.37 are also present. The upper transition line is 

suitable for transportation, and the lower one (close to the radiating plate) shows an 

irregular configuration, with a node splitting in the two-node zone. Even if the 
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transportation of particles can still be achieved along the lower line, a different translation 

path is expected compared to the upper line. 

 

Figure 4.5 Contour plots of U in the central plane CP for different heights. Left, H1-mode; right, H2-mode. 

 

The third resonant mode also shows two-node, one-node and three-node potential patterns, 

but it does not show any transition at higher values of H (Figure 4.6). A shift in height and 

number of nodes can be observed. In the H1-mode, the first splitting occurs at H/λ = 0.54 

(nλ/2 +0.04), whereas this splitting occurs at H/λ = 1.09 (nλ/2 +0.09) in the H2-mode and at 

H/λ = 1.61 (nλ/2 +0.11) in the H3-mode.  
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Figure 4.6 Contour plots of U in the central plane CP for different heights for the H3-mode. 

 

The H3-mode shows three translation lines (three nodes in the vertical direction), allowing 

simultaneous levitation and transportation of three objects. The most stable tracks are the 

two upper ones. The lowest track, close to the radiating plate, is weaker, but still usable.  

Figure 4.7 shows the potential patterns in the H4 and H5 modes. Generally, the transition 

from two-node pattern to one-node pattern and then three-node pattern is present, but not 
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all the tracks have the same characteristics. In the H4-mode, the node patterns are not all 

regular; in the H5-mode, different lengths are tracked by the transported particle (shorter in 

the higher tracks, longer in the lower ones). 

 

Figure 4.7 Contour plots of U in the central plane CP for different heights. Left, H4-mode; right, H5-mode. 
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The curves of the acoustic potential peak amplitude versus H/λ for different heights for all 

five modes are shown in Figure 4.8. To transport the levitated object, the range of ΔH in 

which the node zone transition occurs is a parameter of interest. A small ΔH indicates that a 

small variation in height is required to obtain node transition. Two parameters ΔHmin and 

ΔHmax can be defined. ΔHmin represents the minimum range of H in which the patterns 

transition occurs. ΔHmax represents the maximum possible range of H in which the patterns 

transition occurs and at the same time the potential is never lower than the minimum value 

of the two-node zone (|U|min2-1 in Figure 4.8). Let us consider H2-1/λ as the height at which 

transition between two-node zone and one-node zone occurs, and H1-3/λ as the height at 

which transition between two-node zone and one-node zone occurs. ΔHmin is then calculated 

as ΔHmin = H1-3/λ – H2-1/λ. Considering |U|min as the minimum magnitude of the potential 

during the whole transition, H1-3min/λ and H2-1min/λ are the heights at which the potential is 

equal to |U|min for the three-node zone and two-node zone, respectively. ΔHmax is then 

calculated as ΔHmax = H1-3min/λ – H2-1min/λ. 

In the H3-mode, ΔHmin and ΔHmax are found to be greater than those in the other modes 

(Table 4.2 and Figure 4.8). A small ΔH has an advantage of being more sensitive to the 

reflector height during transportation, but it also makes the system more sensitive to 

external parameters (frequency, temperature, sample size, etc.).  

The ratios |U|min2-1,Hn /|U|min2-1,H3 and |U|min1-3,Hn / |U|min1-3,H3 for all resonance modes are 

analyzed. |U|min2-1 represents the minimum potential occurring during the transition 

between two-node and one-node zones. Similarly, |U|min1-3 represents the minimum 

potential peak module occurring during the transition between one-node and three-node 

zones. To transport droplets, the potential peaks (|U|max2-1 and |U|max1-3) are not of great 

importance since the limiting factors are |U|min2-1 and |U|min1-3. In fact, the latter represents 

the potential of choice if the levitation force is enough to overcome the gravitational force. 

The U|min2-1,Hn /|U|min2-1,H3 and |U|min1-3,Hn / |U|min1-3,H3 ratios express the levitation strength of 

the n-th mode compared to the third mode. At lower modes, the levitation power is higher 

than that at the higher modes. For our configuration, the ratio between |U|min2-1 in the H1-

mode and H3-mode (|U|min2-1,H1 / |U|min2-1,H3) is 2.22 , and the ratio between |U|min1-3 in the H1-

mode and H3-mode (|U|min1-3,H1 / |U|min1-3,H3) is 8.27  (Table 4.2). Considering the quadratic 

nature of the acoustic force with the acoustic pressure (Eqs. 2.1 and 2.3), droplet transport 

in the H3-mode would require an actuation of the radiating plate 2.22 and 8.27 times 

larger than that in the H1-mode for two-node to one-node and one-node to three-node 
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transitions, respectively. This ratio increases further for the fourth ( 2.64 and 16.2 , 

respectively) and fifth ( 4.19 and 18.4 , respectively) modes. 

 

Table 4.2 Translation parameters of the first five resonance modes. 

ΔH usable range for particle transportation 

Mode ΔHmin (λ) ΔHmax (λ) 

H1 0.06 0.10 

H2  0.04 0.13 

H3 0.10 0.20 

H4 0.04 0.16 

H5 0.07 0.20 

|U|max / |U|min 

Mode |U|max2-1 / |U|min2-1 |U|max1-3 / |U|min1-3 

H1 13.9 74.3 

H2 13.9 2.06 

H3 2.90 3.6 

H4 1.06 1.27 

H5 1.11 1.09 

|U|min during transition 

Mode |U| min 2-1 |U| min 1-3  

H1 111 693 

H2 257 160 

H3 50.0 83.8 

H4 42.0 42.8 

H5 26.7 38.0 

|U|min,Hn / |U|min,H3 

 2-1 1-3 

|U|min,H1 / |U|min,H3 2.22 8.27 

|U|min,H2 / |U|min,H3 5.14 1.91 

|U|min,H4 / |U|min,H3 0.84 0.51 

|U|min,H5 / |U|min,H3 0.53 0.45 
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Figure 4.8 The peak potentials for the first five resonant modes (R/λ = 1.25, L/λ = 3.8). 
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Figure 4.9 The maximum and minimum normalized Gor'kov potential curves for levitation of droplets. 

Left: water droplets; right: methanol droplets. The Gor’kov potential is normalized with respect to the 

displacement at the center of the radiating plate (c in Figure 4.2) which is equal to 1 μm. The grey area marks the 

possible levitation range. The black and dotted areas show the allowable levitation and transportation areas in 

the H1 and H3 modes, respectively. 

 

Figure 4.9 shows the maximum and minimum |U| for levitation of water and methanol 

droplets as a function of the normalized droplet radius Rs/λ. |U|min is a constant value, as 

already discussed in section 4.3. For a water droplet levitated in air, |U|min  and |U|max curves 

intersect at Rs/λ=0.19, i.e. the maximum droplet radius that can be levitated before 

atomization is Rs=0.19λ. As seen in Eq. 4.4, the surface tension of the levitated droplet affects 

the maximum droplet size that can be levitated. A lower surface tension decreases the 

maximum limit. For methanol, the maximum limit is Rs/λ= 0.11. These values are in good 

agreement to those obtained with a different formulation presented by Lierke (

max,( / ) 0.18
s water

R λ = ,
max,( / ) 0.11

s methanol
R λ = ) for an axisymmetric levitator [44]. For a 

levitator driven at 25 kHz at room temperature, the maximum droplet diameters are 4.8 mm 

for water and 3.0 mm for methanol. 

The behavior of the line-focused levitator presented in this study is markedly more complex 

than that of the axisymmetric levitator. For droplet transport in a line-focused levitator, the 

most interesting parameter is the ratio between the minimum potentials (|U|min2-1, |U|min1-3) 

and the maximum potentials (|U|max2-1, |U|max1-3). For the H1-mode, |U|max2-1 / |U|min2-1 = 13.9, 

and |U|max1-3 / |U|min1-3 =74.3. These ratios for the H3-mode are 3.6 and 2.9, respectively. A 

ratio of 74.3 means that the acoustic force during pattern transition has a variation of 

almost two orders of magnitude. This strong variation limits the maximum size of the 

levitated and transported droplet. In fact, once |U|min2-1 and |U|min1-3 are enough to overcome 
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the gravitational force, the two peaks |U|max2-1 and |U|max1-3 could atomize the droplet if its 

radius is above the surface tension resistance limit. In case of water, the H1-mode allows a 

maximum droplet size of Rs/λ=0.0045, while for the H3-mode this limit is more than one 

order of magnitude larger, i.e.  Rs/λ=0.091. For a driving frequency of 25 kHz, water droplets 

as big as 2 mm in diameter can then be levitated and transported in the H3-mode of the 

herein presented line-focused acoustic manipulator. 

 

4.5 Conclusions 

In this chapter, a line-focused acoustic levitation and transportation system working in its 

first five resonance modes (H1 to H5) was investigated. A validated numerical model was 

developed to simulate the acoustic pattern created in the levitator chamber by a flexural 

radiating plate. It was shown that the H3–mode configuration can be considered to be the 

most suitable mode for transport of liquid droplets. The main reasons for this conclusion 

are: 

• In the H3-mode, the levitation force during the translation varied up to the 27% of 

the maximum, compared to almost two orders of magnitude in the H1-mode and one 

order of magnitude of the H2-mode. 

• In the H3-mode, the range in height to move a particle was wider than that in the H1-

mode (0.1 vs 0.06) resulting in a more robust system. 

• The force in the H3-mode was 8.27 times lower than that in the H1-mode, but 2-3 

times higher than that in H4- and H5-modes. Since the acoustic radiation is 

proportional to the square of the displacement, only three times higher excitation of 

the actuator is required. 

• Three simultaneous working lines contained in the H3-mode are suitable for 

levitation and transportation of particles. 

• In the H3-mode, for a driving frequency of 25 kHz, water droplets slightly larger than 

2 mm in diameter can be levitated and transported, whereas in the H1-mode, the 

maximum diameter is limited to less than 150 μm. 
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5 On the Acoustic Levitation Stability Behavior of Spherical and 

Ellipsoidal Particles 

 

Parts of this chapter are published in: 

D. Foresti, M. Nabavi, and D. Poulikakos. On the Acoustic Levitation Stability Behavior of 

Spherical and Ellipsoidal Particles. Journal of Fluid Mechanics, DOI:10.1017/jfm.2012.350 

(2012). 

 

5.1 Abstract  

In this chapter, an in-depth analysis of particle levitation stability is presented, focusing on 

the role of the radial and axial forces exerted on fixed spherical and ellipsoidal particles 

levitated in an axi-symmetric acoustic levitator, over a wide range of particle sizes and 

surrounding medium viscosities. It is shown that the stability behavior of a levitated particle 

in an axi-symmetric levitator is unequivocally connected to the radial forces: the loss of 

levitation stability is always due to the change of the radial force sign from positive to 

negative. It is found that the axial force exerted on a sphere of radius Rs increases with 

increasing viscosity for Rs/λ < 0.0125 (λ is the acoustic wavelength), with the viscous 

contribution of this force scaling with the inverse of the sphere radius. The axial force 

decreases with increasing viscosity for spheres with Rs/λ > 0.0125. The radial force, on the 

other hand, decreases monotonically with increasing viscosity. The radial and axial forces 

exerted on an ellipsoidal particle are larger than those exerted on a volume-equivalent 

sphere, up to the point where the ellipsoid starts to act as an obstacle to the formation of the 

standing wave in the levitator chamber. 

 

5.2 Introduction 

In acoustic levitation, the acoustic radiation pressure is used to overcome gravitational 

force. Owing to its material independency, acoustic levitation has found a wide spectrum of 

applications in contactless processing and analysis of liquid samples [64, 70]. The 

contactless manipulation and transportation of particles and droplets is one of the most 
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interesting challenges in the acoustic levitation field  [71] with applications ranging from 

the handling of living cells in lab-on-a-chip devices [72] to millimeter-size sample 

manipulations in air (see previous chapters). 

The most common acoustic levitator studied in the literature is the axi-symmetric levitator. 

In such a levitator, the sample is trapped at a pressure node at a stable position. Studies of 

axi-symmetric levitators have been conducted by means of analytical solutions and 

numerical methods assuming an ideal fluid [21, 33, 53, 73]. There still exist open questions 

regarding the limit of the acoustic force and the effects of size and viscosity on the exerted 

force on levitated particles, as well as particle levitation stability. 

When a body is exposed to an acoustic field, it experiences a mean force due to the radiation 

pressure and acoustic streaming. The first analytical treatment of the problem was 

performed by King [74] who calculated the force exerted on a small sphere in travelling and 

standing plane waves. The effect of viscosity on the acoustic force exerted on spheres in an 

axi-symmetric acoustic field with spherical and plane (travelling or standing) waves has 

been investigated theoretically by Doinikov [75] and Danilov [76]. They defined two limits 

on radius where the viscosity effects are major or minor. 

The dynamics of an acoustically levitated particle as been recently tackled by Barrios [77]. 

Employing the Lattice Boltzmann method and viscous fluid, they observed non-periodic 

oscillations around the levitation nodes in an axi-symmetric levitator. Oscillational 

instabilities of acoustic levitators were studied by Rudnick [78], linking the lost of levitation 

of the sample to the coupling of the particle itself with the acoustic resonance of the 

chamber, a phenomenon also investigated by Lierke [43]. Droplet stability has received 

more attention, since an upper limit for acoustic levitation pressure is present, beyond 

which the sample atomizes [9]. Moreover, frequency dependent disturbances stimulate 

resonant mode of the droplet oscillations, also responsible for the droplet breakup [66].  

Computational Fluid Dynamics (CFD) studies of the radiation pressure are uncommon. The 

first study was reported in [79]. Recently, a model was developed based on the Finite 

Volume Method (FVM) for calculating the acoustic radiation pressure acting on a cylinder 

[80]. They imposed a standing wave as boundary condition, and the fluid-structure 

interaction and effects of particle shapes were not taken into account. CFD, if adopted 

properly and validated, provides a powerful tool for the acoustic force estimation and helps 

provide a better understanding of the physics behind the acoustic levitation. The time-
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dependency and additional nonlinear phenomena such as effects of viscosity can be studied 

in more depth with this approach. 

In this chapter, the forces exerted on fixed spherical and ellipsoidal particles are 

investigated, spanning over of a wide range of sizes. The focuses is on an axi-symmetric 

levitator, for both inviscid and a viscous host fluids, employing validated Finite Element 

Method (FEM) and FVM models, respectively. The physical explanations of the effects of 

fluid viscosity and particle size and shape on the radial and axial forces are provided in 

detail. The present study sheds light on the issue of particle levitation stability in axi-

symmetric levitators and provides a comprehensive perspective of the effects of three main 

parameters influencing particle levitation stability: a) particle axial position, b) particle size, 

where for large particles (Rs/λ > 0.25) the standing wave condition becomes invalid and the 

radial force exerted on the particle is negative, while for small particles (Rs/λ < 0.01), the 

viscous force plays a significant role in inducing instability, and c) particle shape, where it is 

shown that for ellipsoidal particles the balance of axial and radial forces is influenced in 

favor of the radial force affecting stability. 

 

5.3 Levitation models 

The levitator in the present study is an open axi-symmetric levitator [44] in a 3-node 

configuration (Figure 5.1a). The emitter-reflector height is kept constant. The parameters 

used are listed in Table 5.1. The cases of inviscid and viscous medium surrounding the 

levitated particle are modeled sequentially as follows. 
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Figure 5.1 (a) The levitator and its geometrical parameters. SC, PN and F represent the sphere center, the 

pressure node and the axial levitation force along the central axis, respectively. The acoustic force is represented 

as a sinusoidal function along the vertical axis z and it is positive in the region below the pressure node PN and 

above the pressure antinode (zero force). The SC is positioned in this area. R, Rb1, Rb2, and RE are the curvature 

radius, the inner radius and the external radius of the reflector and the radius of the emitter, respectively. H is the 

distance between emitter and reflector surfaces along the axis. Hs is the distance between the emitter and the 

center of the particle along the axis. (b) Schematic of RMS velocity and RMS pressure acting on a spherical 

particle. The acoustic streaming is also shown schematically. (c) The computational domain. Rbc is the radius of 

the outer boundary. 

 

5.3.1 Inviscid case: FEM model 

An experimentally validated 3-D model based on FEM is developed to solve the inviscid 

medium problem. The inviscid model serves two important purposes. First, the study of the 

inviscid case which is computationally much faster than the viscous case and it gives 

accurate results for small particles in inviscid or low-viscosity medium [76]. Second, the 

validation of the subsequent CFD model employed to study the effect of viscosity. The 

commercial software Simulia Abaqus (6.9-1) based on FEM was used to solve the linear 

acoustics problem in the frequency domain (see section 3.3). A quarter of the three-

dimensional domain was modeled, and on the two orthogonal faces, a zero displacement to 

the normal component was imposed. Non-reflecting boundary conditions were applied at 

the outer boundary of the domain and the fluid-structure interaction was modeled between 

emitter, reflector and acoustic medium. All the quantities were scaled at the frequency of 1 

kHz. The radiation pressure pr acting on the sphere was calculated using the following 

equation [74]: 
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where prms and vrms are the RMS pressure and particle velocity in the host fluid, respectively. 

The total force Fr acting on the particle was obtained by integration of the radiation 

pressure on the sphere surface S (Figure 5.1b). 

r r
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A comparison of the numerical and the theoretical results is only meaningful for the extreme 

case where the particle is small (Rs/λ <0.1) [81]. No analytical solution is available for the 

cases where the geometry is complex and/or the particle is large. For small radii, the axial 

force action on the particle increases as a function of Rs
3, as King predicted (Figure 5.2a). For 

larger radii, when the standing wave condition is broken, the Hasegawa’s solution for a 

travelling wave shows a different behavior from the numerical solutions [82]. This 

difference is likely due to the dimension of the emitter and reflector compared to the sphere. 

In fact, when a smaller flat reflector is used, the Hasegawa solution for travelling wave gives 

more precise results (Figure 5.2b). 

 

Figure 5.2 (a) Axial force acting on a rigid sphere for different radii with the standard configuration and 

(b) a smaller flat reflector. 

In order to validate the FEM model, the measurements reported in [83] regarding the axial 

force acting on a sphere inside an axi-symmetric levitator along its central axis are used. The 

challenge was to adapt the boundary condition of the experiments (pressure measured at 

the reflector surface) to that of our FEM model. Indeed, the fluid-structure interaction 
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required to impose a displacement on the emitter surface. The results shown in Figure 5.3 

prove the ability of our FEM model to accurately estimate the axial force exerted on a 

sphere. 

 

 

Figure 5.3 Axial force acting on a sphere in the inviscid case at different axial positions. The results are for 

two radii, Rs/λ = 0.1153 (a) and Rs/λ =0.1730 (b), at a driving frequency of 40 kHz. A small shift in the axial 

position z is present, likely due to the different boundary conditions. The FEM simulations were carried out with 

a constant displacement of the emitter, and the final force was normalized with respect to prms in correspondence 

of the reflector and the pressure of the experiment in [81]. Experimental points were only given for stable 

levitation points (see section 5.3.1). (c) The axial force with respect to the levitation power. The p2rms scaling law 

of the levitation force, in accordance with Eq. 5.1, is shown. In being conservative, the axial position Hs/λ = 0.33 

represents the worst case of agreement between theory and experiment, as seen in Figure 5.3b. 

 

5.3.2 Viscous case: CFD model 

To study the viscosity effect in the range of particle radii of interest, the full axi-symmetric 

Navier-Stokes equations for laminar, compressible flow with ideal gas were solved using 

Ansys FLUENT (ver 12.1). The equations for conservation of mass and momentum are:  

( ) 0v
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where p is the static pressure,  τ is the stress tensor is given by 
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where µ is the molecular viscosity and  I is the unit tensor. For compressible flows, the ideal 

gas law is: 

w

p

R
T

M

ρ =

 

5.6

 

where R is the universal gas constant and Mw is the molecular weight. The temperature, T, is 

computed from the energy equation. 
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where k is thermal conductivity. The two terms on the right-hand side of Eq. 5.7 represent 

energy transfer due to conduction and viscous dissipation. 

To solve the CFD model, a pressure-based solver was used, since it offers a better 

computational efficiency. On the other hand, the use of this solver imposes the use of a 

reflecting boundary condition (pressure outlet/inlet). To avoid interference with the core of 

the domain (inside the levitator), the domain (Figure 5.1c) was extended accordingly by the 

number of periods required for the simulation to give a stable result (nt). For example, if nt 

=150, the radius of the external boundary with pressure outlet boundary condition was 

chosen longer than 150λ/2 (in our case, 112.5λ). The added computational cost was 

relatively low (10-15%), since the cells become coarser as farther from the core of the 

levitator. The mesh was unstructured, with the exception of a boundary layer of structured 

mesh around the sphere. A sinusoidal axial motion at frequency f and velocity V0 was 

imposed on the emitter by means of a Dynamic Mesh (DM). DM allows accurate estimation 

of the radiation force on large objects as well as on objects close to the emitter since no 

standing wave has to be necessarily imposed as boundary condition. DM, however, requires 

the use of a first order time discretization scheme and very small time steps for accuracy. 

Adiabatic condition was assumed at all walls, except at the pressure inlet (at Rbc, Figure 

5.3b), where constant temperature boundary condition was adopted (Table 5.1). 
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Table 5.1 The geometrical and model parameters. The pure inviscid model of Fluent exhibited numerical 

stability problems. Therefore, the simulations for the inviscid case were run with a viscous model with a very 

small viscosity, 5 orders of magnitude smaller than that of air and by applying the free slip boundary condition 

on all the rigid walls (except for the emitter). 

Parameters Values 

Frequency (f) 25 kHz 

Temperature (T) 298 K 

Fluid density (ρ0) 1.184 kg/m3 

Sound speed (c0) 346 m/s 

Wavelength (λ) 13.8 mm 

Emitter velocity(V0) 1 m/s 

R 2 

RE 0.6 

Rb1 1 

Rb2 1.1 

μ(Air) 1.79e-5 Pas 

μ(Air10) 1.79e-4 Pas 

μ(Air100) 1.79e-3 Pas 

 

 

5.4 Results and discussion 

5.4.1 Particle axial position 

The FEM model was used to investigate the axial and radial components of the acoustic 

force exerted on a sphere of different sizes located at different heights (Figure 5.4). The 

radial force becomes negative at the height where the axial force is maximum (Hs/λ = 0.73). 

This result is in accordance with experiments that show that below the altitude of the axial 

force peak no levitation is possible, because the levitated sample is unstable [81, 83]. The 

radial force behavior can explain the reason for this instability. When the particle is in the 

stable region (as for Hs/λ = 0.90, Rs/λ < 0.25 Figure 5.4b), the radial force is positive, i.e. the 

particle is laterally stretched. In this region, the largest contribution to the radiation 

pressure force is given by the RMS velocity (Eq. 5.1). The particle is stable because if it 

moves away from the center axis, the RMS radial velocity gradient (maximum at the center 

axis, Figure 5.5) balances the forces and brings the particle back to the center. When the 

particle is moved to the right, a lower velocity is present at the right side than at the left 
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side. The corresponding lower pressure on the left side will act as a natural repositioning 

feedback. 

 

 

Figure 5.4 The variation of the axial (a) and radial (b) forces acting on a sphere by varying the radii for 

different sphere heights Hs/λ. 

 

When the particle is in an unstable region (as for Hs/λ = 0.73, Rs/λ > 0.25 Figure 5.4b), the 

radial force is negative, i.e. the particle is laterally compressed. In this region, the largest 

contribution to the force is given not by the RMS velocity, but by the RMS pressure. The RMS 

pressure decreases as we move further away from the center axis. This distribution explains 

the instability. When the particle moves to the right, a lower pressure is present on the right 

side than on the left side. Unlike the previous case, this pressure distribution forces the 

particle to move further away from the center axis resulting in particle instability and final 

fall (Figure 5.1b).  

The maximum particle size that can be stably levitated is around 0.25λ (beyond this value 

the radial force is negative). However, this value strongly depends on the levitator 

parameters (Rb, Ra [44] sample shape [36] - see section 5.4.3). 
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Figure 5.5 The RMS pressure (left) and velocity (right) in the axi-symmetric levitator for the inviscid case. 

 

5.4.2 Viscous medium-CFD model: Sphere 

5.4.2.1 Inviscid case limit test 

The axial and radial forces estimated by the CFD and FEM models for Hs/λ = 1.7 and Hs = 

11/24 H (Figure 5.1a) are compared in Figure 5.6. The value of Hs is chosen between the 

pressure node and the axial positive force peak of the central node (Figure 5.1b). The 

normalized sphere radius Rs/λ is varied between 0.025 and 0.5. 
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Figure 5.6 (a) Axial and (b) radial forces acting on a sphere by varying its radius at Hs/λ = 0.78$. FEM 

represents the force calculated from Eq. 5.1 using the RMS pressure and velocity obtained by the FEM model. 

CFD Mean represents the mean force acting on the sphere averaged over the last 50 periods of 150 periods; (c) 

Relative differences between the forces calculated by the two models. 

 

For small radii Rs/λ < 0.1), the axial force increases as a function of Rs
3, as formulated by 

King [74]. For larger radii, the presence of the sphere decreases the acoustic pressure inside 

the levitator and consequently the force acting on the particle after its peak at Rs/λ = 0.175. 

The force becomes even negative at Rs/λ = 0.4. This phenomenon is due to the reflected 

waves that are focused on the upper portion of the sphere. By further increasing the particle 

radius Rs/λ >0.4), the standing wave condition is violated and the axial force rises again due 

to the establishment of the traveling wave configuration. Figure 5.6b shows the radial force 

acting on a sphere calculated by the FEM and CFD models. The radial force varies similarly 

to the axial force with two main differences. It reaches its peak at smaller radius (Rs/λ 

=0.125) and becomes negative for Rs/λ > 0.225. The axial forces predicted by the CFD model 

are in agreement with those by the FEM model for Rs/λ < 0.3, with the relative difference 

below 0.05 (Figure 5.6c). For Rs/λ >0.3, the sharp increase on the relative difference is due 

to the small absolute value of the axial force (Figure 5.6a). A similar behavior can be 

observed for the radial force (Figure 5.6c). The relative difference shows a peak around the 

zero-force crossing point (0.225 < Rs/λ < 0.25). The observed increase in the relative 

difference for Rs/λ > 0.3 is likely due to the increase in the oscillation amplitude of the radial 

force around the asymptotic value for large radii (Figure 5.7). 
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Figure 5.7 Asymptotic values of the axial and radial forces for small (Rs/λ= 0.025, left) and large 

(Rs/λ=0.175, right) radii. The axial force reaches its asymptotic value before 80th periods, while the radial force 

keeps oscillating until the end of the sampling (nt=150). 

 

5.4.2.2 Effect of viscosity 

Utilizing the validated CFD model, the effect of medium viscosity on the force exerted on the 

levitated object is investigated. This effect is important as it may induce instability of the 

levitated particle [76]. It has been shown that only when the dimension of the object 

becomes comparable to the acoustic boundary layer thickness 
fµ

µδ ρπ=
 
(Figure 5.8 

and Figure 5.9), the viscous effects play a role [75-76, 79-80]. Since the viscosity of air is 

relatively low, δμ is very small (at f = 25kHz, δμ = 14µm = 0.001λ). In microfluidics, the 

viscous effect is a typical issue for acoustofluidics [72]. For large droplets, this effect can be 

important for levitation in an immiscible host fluid [70, 84-85], with δμ entering the mm 

range. This work focuses on rigid spheres in a viscous medium for the parameters given in 

Table 5.1, the results however can be extended to other cases by normalizing the values. 

Referring to [79] and considering λ to be the characteristic length of the domain, the non 

dimensional dynamic viscosity is ν = 0.00182 for air at 25 kHz. 
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Figure 5.8 Contour plots of the RMS particle velocity vrms (m/s) for Rs/λ = 0.0025 at different values of 

viscosity. It can be seen that already at air viscosity the boundary layer thickness is comparable with the particle 

size. The RMS value is obtained by averaging the periods 90 to 150. 

 

Figure 5.9 Contour plots of the RMS particle velocity vrms (m/s) for Rs/λ = 0.3 at different viscosities. 

 

In figures Figure 5.10a and Figure 5.10b, the axial and radial forces exerted on a sphere in a 

viscous fluid normalized with respect to those in an inviscid fluid for small radii (0.0025 < 

Rs/λ < 0.0150) are shown. For small particles, the axial force increases with an increase in 

viscosity (Figure 5.10a), which is in agreement with previous studies [80, 86]. For Rs/λ 

slightly larger than 0.0125, the axial force starts to decrease with increasing viscosity. This 
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behavior is not the same for the radial force (Figure 5.10b) which always decreases with 

increasing viscosity. 

 

Figure 5.10 The normalized (a) axial and (b) radial forces vs. viscosity for small radii (Rs/λ ≤ 0.0150). The 

normalization is relative to the inviscid case; (c) the ratio of radial to axial forces acting on a small spherical 

particle for different medium viscosity. 

 

Doinikov [86] provided an analytical solution for the axial force acting on a sphere in a 

viscous fluid (Eq. 30 in [86]). Considering all the assumptions of the solution (plane standing 

wave, Rs<<λ, ρsphere >> ρ, and negligible thermal effects), it can be shown that for weak 

dissipative effects the viscous contribution scales with δμ/Rs (Figure 5.11):  

inviscid viscous

viscous inviscid
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F F F
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Figure 5.11 The 1/Rs	fit	is	very	good	for	high	viscosity	(coefficient	of	determination	ranged	from	0.997	to	

0.999),	 while	 for	 small	 viscosity,	 the	 very	 small	 difference	 from	 the	 inviscid	 case	 (0.02	 to	 0.07)	 may	 be	

responsible	for	a	slightly	less	accurate	fit	(coefficient	of	determination	is	equal	to	0.982).	The	maximum	δμ/Rs	is	4	

for	Air100.	In	spite	being	beyond	the	limit	of	weak	dissipative	effects,	(δμ/Rs	<<1),	the	relationship	in	Eq.	5.9	is	

still	valid.	
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The	 additional	 parameter	 affecting	 the	 total	mean	 force	 exerted	 on	 small	 particles	 is	 the	

drag	force	due	to	the	acoustic	streaming	(Figure	5.12).	For	the	radial	 force,	 the	drag	force	

acts	 laterally	compressing	the	sphere,	hence,	against	the	"restoring"	radial	 force	as	can	be	

inferred	 from	 Figure	 5.1b.	 Therefore,	 as	 the	 viscosity	 increases,	 the	 increased	 streaming	

further	 reduces	 the	 radial	 force.	 For	 the	 axial	 force,	 the	 streaming	 patterns	 are	 not	

symmetric	about	 the	horizontal	axis	of	 the	particle.	For	rigid	bodies,	 the	drag	 force	of	 the	

streaming	acts	in	favor	of	the	radiation	force	and	increases	the	total	force	[87].	For	droplets	

in	a	high	viscous	 fluid,	 the	 internal	 liquid	 flow	will	be	 coupling	with	 the	external	acoustic	

streaming	 [88].	However,	 the	 vorticity	 inversion	 is	 responsible	 for	 the	possible	 change	of	

direction	of	the	axial	force,	not	for	the	radial	force.	The	drag	force	on	the	radial	component	

is	 always	 negative.	 The	 above	 discussion	 explains	 the	 different	 behavior	 of	 the	 axial	 and	

radial	forces	due	to	a	change	in	viscosity	for	small	radii.	

	

Figure	 5.12	Mean	 axial	 and	 radial	 velocities	 for	 a	 sphere	 of	Rs/λ	 =	 0.025	with	 two	 viscosities	 (Air	 and	

Air100).	 For	 low	 viscosity,	 i.e.	 thin	 acoustic	 boundary	 layer,	 only	 the	 external	 acoustic	 streaming	 can	 be	 seen	

compared	to	the	sphere	size.	When	the	viscosity	increases,	the	acoustic	streaming	within	the	boundary	layer	is	

clearly	 visible.	The	mean	value	 is	 obtained	by	averaging	over	 the	periods	90	 to	150.	The	 small	 vortices	 at	 the	

upper	and	lower	sides	of	the	sphere	are	in	the	opposite	directions	than	the	streaming	inside	the	boundary	layer.	

The	streaming	shows	a	similar	pattern	as	 in	[87-89].	The	mean	axial	and	radial	velocities	explain	the	opposite	

drag	force	contribution	on	the	radial	and	axial	forces.	

	

For	small	particles	 in	viscous	 fluid,	an	 increase	 in	viscosity	reduces	 the	radial	 force	 to	 the	

axial	 force	 ratio,	 affecting	 stability	 (Figure	 5.10c).	 In	 the	 range	 of	 small	 radii	 studied,	 the	

ratio	 of	 radial	 to	 axial	 forces	 increases	 with	 decreasing	 the	 sphere	 size,	 except	 for	 high	

viscosities	 and	 very	 small	 radii	 where	 this	 dependence	 is	 not	 monotonic	 (see	 zoom	 in,	
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Figure	5.10c).	This	hints	 toward	approaching	 force	 inversion	and	 instability	of	very	 small	

particles	in	acoustic	levitation	(i.e.	aerosols).	Indeed,	for	large	δμ/Rs	(not	in	the	range	of	this	

study)	the	viscous	forces	act	in	the	direction	opposite	to	the	pressure	node	[76].	

Figure	 5.13	 shows	 how	 the	 axial	 and	 radial	 forces	 decrease	with	 increasing	 viscosity	 for	

large	spheres	(0.025	<	Rs/λ	<	0.25)	for	three	different	viscosities	(inviscid,	Air	and	Air100).	

As	was	 already	 said,	 for	 large	 spheres	 (Rs/λ	 ≥	 0.0125),	 the	 axial	 and	 radial	 forces	 always	

decrease	 with	 increasing	 viscosity.	 When	 the	 viscosity	 increases,	 the	 RMS	 pressure	 and	

velocity	 inside	the	chamber	decrease	(the	movement	of	 the	radiating	plate	 is	 the	 imposed	

boundary	condition).	Consequently,	the	mean	force	due	to	the	acoustic	pressure	decreases	

(Eq.	 5.1).	 The	 value	 of	 δμ/Rs	 and	 the	 relative	 drag	 force	 are	 too	 small	 to	 appreciably	

contribute	in	this	case.	

	

Figure	5.13	The	axial	(a)	and	radial	(b)	forces	acting	on	a	sphere	as	function	of	Rs/λ.	

	

As	shown	in	Figure	5.13b,	the	trend	of	variation	of	the	radial	force	with	viscosity	continues	

in	 the	negative	 force	region.	As	was	already	mentioned,	when	the	radial	 force	 is	negative,	

the	 RMS	 pressure	 contribution	 to	 the	 radiation	 pressure	 takes	 over	 the	 RMS	 velocity	

contribution.	When	 the	 viscosity	 increases,	 the	 decrease	 in	 the	RMS	pressure	 is	 less	 than	

that	in	the	RMS	velocity	(Table	5.2).	Therefore,	the	magnitude	of	the	radial	force	increases	

with	increasing	viscosity	(Table	5.3).	
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Table	5.2	Maximum	RMS	pressure	and	velocity	into	the	levitator	with	very	small	particle	Rs/λ	=	0.0025,	

i.e.	no	interference	to	the	acoustic	field)	by	varying	viscosity.	

 Pressure RMS (Pa) Velocity RMS (m/s) 

Inviscid	 2661	 5.53	

Air	 2650	(99.5%	of	inviscid)	 5.2	(94.0%	of	inviscid)	

Air100	 2311(86.8%	of	inviscid)	 4.5	(81.4%	of	inviscid)	

	

Table	5.3	Values	of	Axial	and	Radial	Force	for	Rs/λ	=	0.3	at	different	viscosities.	

 Axial Force (N) Radial Force (N) 

Inviscid	 6.9256e-05	 -2.0798e-05	

Air	 6.8328e-05	 -2.0811e-05	

Air100	 5.7848e-05	 -2.0933e-05	

	

5.4.3 Viscous medium-CFD model: Ellipsoid 

In	an	axi-symmetric	levitator,	it	is	of	interest	to	study	ellipsoidal	objects.	Indeed,	during	the	

levitation	of	 droplets	 this	 represents	 a	 typical	 shape	 [64].	As	 seen	 in	Figure	5.6,	 the	 axial	

force	induces	a	compression	of	the	droplet	along	its	semi-minor	axis	a,	while	the	radial	force	

stretches	 the	 droplet	 along	 its	 semi-major	 axis	 b.	 To	 compare	 the	 result	 to	 the	 spherical	

case,	an	equivalent	radius	which	preserves	volume	is	introduced	(Table	5.4).	

3 2

,sphere ellipse

eq s

V V

R R b a

=

= =
   5.10 

 

Table 5.4 Equivalent radius and semi-major axis of the ellipsoids. 

Rs /λ b/λ  (b/a = 2) b/λ (b/a = 5) 

0.025 0.0315 0.0427 

0.1 0.126 0.171 

0.175 0.220 0.299 

 

Figure 5.15 shows the axial and radial forces acting on ellipsoids with different radii (b/a = 

2 and 5). The magnitude of the radial force becomes more than two times that of the axial 

force for b/a = 5 in the case of small radii. On the other hand, high positive radial force 

means high stability in the axial position. Different from a sphere and an ellipsoid with a 
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modest aspect ratio (b/a = 2), for b/a = 5, the axial force is lower for a larger ellipsoid (Rs/λ 

= 0.175) than that for a smaller one (Rs/λ = 0.1), which is due to the actual dimension of the 

ellipsoid (b/λ = 0.299). At this size, the object acts as an obstacle to the establishment of the 

standing wave in the levitator, resulting in a lower acoustic pressure. Also, the radial force 

for both b/a = 2 and 5 is higher for an ellipsoid than that for the volume-equivalent sphere. 

The reason is due to the higher velocity at the horizontal axis extremities of the ellipsoid 

compared to the sphere. The higher velocity results in higher stretching i.e. larger radial 

force. Another observation is that an increase in viscosity reduces the radial force more 

significantly than the axial force. This could be due to strongly reduced velocity at the 

horizontal axis extremities of the ellipsoid with increasing viscosity (Figure 5.14). Figure 

5.15 shows that for ellipsoidal particles the balance of axial and radial forces is influenced in 

favor of the radial force improving the particle levitation stability. 

 

 

Figure 5.14 Contour plots of the RMS particle velocity vrms (m/s) for ellipsoid (b/a = 5) of different radii 

and viscosities. The RMS velocity significantly decreases with viscosity at the horizontal-axis extremities of the 

ellipsoid. 
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Figure 5.15 Axial and radial forces acting on an ellipsoid of b/a=2 and 5. 

 

5.5 Conclusions 

The issue of stability of a particle in an acoustic levitator was investigated, focusing on the 

effects of particle size and medium viscosity on the axial and radial forces exerted on fixed 

spherical and ellipsoidal particles. The radial force always decreases with increasing 

viscosity, while the axial force behavior is non-monotonic, depending on the radius of the 

particle. The cross over value of the radius for our configuration was around 1% of the 

wavelength λ. The physical explanation for the effect of viscosity on the force acting on both 

small and large particles was discussed in detail. The force exerted on an ellipsoidal particle 

was found to be stronger than that exerted on a volume-equivalent sphere up to the point 

where its size becomes large enough to act against the establishment of the standing wave 

in the levitator chamber. Based on the findings in this chapter, insight for the phenomenon 

of particle levitation instability in an acoustic levitator was provided. It was found that the 

radial force behavior can explain levitation instability. At intrinsically unstable axial 

positions, the radial force is negative. For large particles, particle stability is lost due to the 

radial force becoming negative and for small particles the viscous force can induce 

instability. A levitated ellipsoidal particle is more stable than its volume-equivalent 

spherical particle. 
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6 Acoustophoretic Contactless Transport and Handling of Matter 

in Air 

 

Parts of this chapter have been submitted for publication as: 

D. Foresti, M. Nabavi, M. Klingauf, A. Ferrari and D. Poulikakos. Acoustophoretic contactless 

transport and handling of matter in air. Submitted for publication (2012). 

 

6.1 Abstract 

Contactless transport and handling of matter in the form of droplets and solid particles for a 

broad range of materials is of fundamental importance to the study of many physical 

phenomena [90-93] and biochemical processes [94]. Among the possible mechanisms of 

contactless handling of matter are electrostatic, magnetic, optical [14, 16, 95-96], and 

acoustic levitation [25, 27], albeit only the latter is intrinsically both contact-free and 

material property independent, also without requiring laborious sample preparation steps. 

However, the utility of acoustic levitation to date has been seriously hindered by drawbacks 

of the existing methods [23, 49, 97]. Meeting the requirements of a wide palette of 

applications such as high controllability, high movement resolution, long transport length, 

versatility and multidimensionality requires a significant advancement of the state of the 

art. In this chapter, a path breaking, acoustophoretic concept is presented, enabling the 

planar transport and processing of one or more acoustically levitated droplets and particles 

over a wide range of volumes (0.1-10 μl) in air with high positioning accuracy and 

controllability. The spatial and temporal modulation of the acoustic node regions in the 

acoustic field is made possible with a discretized resonator platform, enabling the reversible 

transition from material trapping to acoustophoretic transport. A series of representative 

experiments with droplets or particles, illustrating contactless coalescence, mixing or 

encapsulation, amply underpins the capabilities of the method. Additionally, the levitation 

and handling of elongated objects with characteristic length much larger than the acoustic 

wavelength was demonstrated through their transport and rotation. More than a century 

after the pioneer work of Rayleigh on acoustic radiation pressure [4], a significant step 

forward is made toward harvesting the benefits of acoustic levitation. 
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6.2 Introduction 

In acoustic levitation, an ultrasonic standing wave is established between an emitting 

surface and a reflector [25]. The radiation pressure, a non-linear property of the acoustic 

field, originates the levitation potential (the sum of the acoustic potential, see section 2.4, 

and the gravitational potential). It varies non-monotonically between emitting surface and 

reflector; in its minima (nodes) small amounts of matter can be levitated and trapped, if the 

acoustic force can overcome the gravitational force. The gravitational potential can be 

described as: 

34
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where z is the vertical coordinate in the direction of gravitation, g = 9.81 ms-2 is the 

gravitational acceleration, ρs is the density of the levitated object, and Rs is the radius of the 

rigid sphere. The non-dimensional gravitational potential reads:  
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where Vexp, V0 are the velocity amplitudes of the emitting surface in the experiments and 

simulation, respectively. Similarly, the total force acting on the particle can be calculated as: 
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tot
U% is the levitation potential and is the sum of the acoustic and gravitational potentials. 

The non-dimensional force is given by: 
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Where xi is the spatial coordinate and λ the acoustic wavelength. 

 



 

73 

 

 

Figure 6.1 The schematic of the contactless multi-drop manipulator and its excitation mechanism. The 

levitation nodes can be shifted with high accuracy, controllability and adjustable speed of motion of the order of 

mm/s through the spatial and temporal control of the emission of acoustic waves. The amplitude resolution of 

the driving signal Ai(t) determines the movement resolution of the object. An 8-bit digital signal (256 levels) was 

employed for controlling the amplitude and with d = 16 mm; the theoretical movement step size is calculated to 

be 16×10-3/256 ≈ 62 μm. In fact, due to the nonlinearity of the LPTs and node translation process, the actual 

positioning resolution is lower than this value; the minimum step size at the gap between the two LPTs for the 

case shown in Figure 6.2b was found to be around 400 μm. In the illustrated scenario, droplets are introduced to 

the system at three locations. They move and mix and the final sample is delivered to the output. The 

introduction of droplets into the system can be achieved with either a manual micropipette or an automatized 

syringe pump and glass capillary. 

 

6.3 The acoustophoretic concept 

The acoustic levitation and handling concept presented here advances significantly the state 

of the art by providing full control of the acoustic field through the ability of space and time 

modulation of the acoustic node regions. The concept is realized with the help of a 

discretized planar resonator platform and a single flat reflector placed at a uniform distance 

H. Each discrete resonator element is a specially-designed and optimized Langevin 

piezoelectric transducer (LPT) excited by a sinusoidal voltage at ultrasound frequencies 

(Figure 6.1). A novel excitation mechanism enables controllable and smooth propulsion of 

the levitation potential nodes from one or a group of LPTs to the next. In this mechanism, 

the amplitudes of the sinusoidal inputs A1(t) and A2(t) of the two adjacent LPTs are adjusted 

over the travel period T (time needed for the object to travel the distance d between the 
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centers of two adjacent LPTs) in a parabolic manner as shown in Figure 6.1. As a result, a 

nearly linear acoustic force variation during movement is obtained, due to the 

proportionality of the acoustic force to the square of the driving voltage amplitude (section 

2.4, Eqs. 2.1 and 2.3). The present mechanism is able to acoustophoretically perform a 

multi-step process, where two water droplets are introduced, transported from opposite 

directions, mixed, transported in the orthogonal direction to be mixed with a third droplet, 

and finally collected. 

 

6.3.1 The Langevin Piezo Transducer 

An LPT is composed of a back metal mass, a front metal mass and a set of piezoelectric 

elements in between, clamped by a bolt. An envelope of parameters affects the performance 

of the LPT including, size, thickness and number of piezoceramic disks, material, and 

dimensions of backing and matching metal pieces, shape of the emitter and the reflector, 

assembling torque, and input voltage. Several factors should be considered in the design of 

LPTs: a) sufficient acoustic force is needed to levitate water-like density objects; b) the 

requirements of a 2D motion and modularity impose the use of a flat reflector, therefore, the 

enhancement of the acoustic field through concave or cylindrical reflectors is not an option; 

c) in order to have precise movement control, the characteristic dimension of the radiating 

plate should be comparable with λ, and d) targeting a 2D array of LPTs and a smooth field 

transition between the transducers points towards a square or hexagonal geometry. In 

conclusion, the decision of choice was to use LPTs with a square radiating plate able to work 

at ultrasonic frequency (f = 24.3 kHz). In fact, when driven at their resonance frequency, 

LPTs are able to provide high V0 needed in order to properly couple the ultrasound to the 

medium [45]. However, when driven at high power, they show strong nonlinearity, 

temperature and time dependent resonance frequency and a sharp resonance peak. These 

issues are more serious when several transducers are dealt with since a difference of less 

than 0.1% in the resonance frequency can prevent the transport mechanism from proper 

functioning [98]. To minimize the resonance frequency dissimilarity a fastening torque 

adjustment process was performed during the assembly of the LPTs. In the optimized 

design, the radiating plate of LPTs had dimensions of 15mm×15mm. A numerical study 

(finite element analysis using Simulia Abaqus 6.9) was performed in order to estimate the 

optimized values of important parameters affecting the performance of the LPTs. The 

working frequency was around f = 24.3 kHz corresponding to wavelength in air of λ = 14.2 

mm. The amplitude of the excitation voltage was adjusted using an in-house designed 
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microcontroller-based potentiometer and a LabVIEW program and amplified to the desired 

value using an amplifier (ECLER, DPA-4000T) as shown in Figure 6.1. The maximum voltage 

amplitude A0 was 120 V.  

 

6.3.2 The flat reflector 

To allow planar movement of levitated samples, a flat reflector is used in our 

acoustophoretic handling device, generating lower levitation power compared to spherical 

and cylindrical reflectors [33, 69], see Chapter 3. However, an acoustic levitator with a flat 

reflector is less sensitive to a change in height H than the other shapes, which in turn results 

in a smoother acoustic field inside the levitator chamber. The flat Plexiglas reflector was 

placed at a distance H ≈ λ/2 on top of the LPTs, and small holes (diameter of 1.2 mm) 

allowed droplet injection. It is worth noting that the characteristic dimension of the 

presented acoustic manipulator is of the order of 0.1 m (≈7λ), while the acoustic resonances 

are sensitive to a 20 µm (≈0.0014λ) change in H. Figure 6.2 shows the variation of the 

maximum |Utot| with respect to H/λ at transition time of 1.6T.  

 

Figure 6.2 The variation of maximum |Utot| with respect to H/λ. 

 

6.4 Results and discussion 

The physical principle behind the spatial and temporal node modulation is shown in Figure 

6.3a. The transport and mixing of two droplets in a device consisting of a 1-D array of five 

LPTs is numerically analyzed using a validated 3-D finite element model. The model 

calculates the levitation potential inside the system as a function of V0. Figure 6.3b shows 
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the experimental results of the horizontal position of the two approaching droplets with 

four traveling velocities (0.6, 1.1, 2.2, and 4.9 mm/s) along with the numerical predictions.  

 

 

Figure	6.3	Controlled	approach	of	two	droplets	in	air.	(a)	The	levitation	potential	inside	a	five-LPT	device	

by	varying	the	driving	voltage	of	the	LPTs	(the	levitation	nodes	are	shown	in	blue).	The	small	ellipses	illustrate	

the	experimental	droplet	positions.		(b)	The	experimental	results	of	the	horizontal	position	of	the	two	coalesced	

water	droplets	of	0.84	mm	 in	diameter	 for	 four	 traveling	velocities	 along	with	 the	numerical	predictions.	The	

oscillations	of	 the	droplets	during	 translation	are	due	 to	 the	very	 low	damping	effect	of	 the	 surrounding	 fluid	

(air).	The	faster	movement	of	the	droplets	at	0.5T	where	two	adjacent	LPTs	are	excited	with	the	same	amplitude	

is	attributed	to	the	presence	of	two	slightly	separated	nodes	at	the	top	of	LPTs	and	transition	of	the	droplet	from	

one	 node	 to	 another.	 Utilizing	 a	 cubic	 function	 for	 Ai(t)	 showed	 less	 variation	 in	 the	 levitation	 potential	

magnitude	as	it	partly	compensates	the	LPT’s	nonlinearity.	(c)	The	experimental	movement	velocity	( x& )	of	one	

of	 the	 two	 approaching	 water	 droplets:	 The	 secondary	 forces	 (and	 consequently	 the	 droplet	 velocity	 and	

acceleration)	 increase	 when	 (Rs1+	 Rs2)/r	 increases	 and	 approaches	 its	 maximum	 which	 is	 equal	 to	 unity,	 in	

accordance	 with	 the	 Rs6/r4	 dependency	 of	 the	 secondary	 force	 (Eq.6.5).	 (d)	 The	 analytical	 (Eq.6.5)	 and	

experimental	values	of	total	acceleration	( x& )	of	the	droplet	near	collision,	with	respect	to	the	center-to-center	

droplet	distance	r	(V0	=	2.6	ms-1,	H/λ	=	0.496).	The	dotted	line	marks	the	primary	acceleration,	 p
x&& due	to	the	

acoustic	potential	field.	The	experimental	uncertainty	in	the	estimation	of	vrms	is	reflected	in	the	error	bars	in	the	

analytical	data.	
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6.4.1 Primary	force	

Before	 node	 merging,	 the	 velocity	 of	 the	 droplets	 equals	 that	 of	 the	 nodes.	 After	 node	

merging,	the	droplets	they	carry	with	approach	one	another	with	a	primary	acceleration, 	

in	 the	 range	 0.1-1ms-2	 (Figure	6.3d),	 due	 to	 the	 primary	 scattering	 field	 described	 by	 the	

acoustic	 potential.	 These	 acceleration	 values	 are	 in	 agreement	 with	 the	 model,	 with	 the	

horizontal	 force	being	one	order	of	magnitude	 lower	 than	 the	 vertical	 force.	The	primary	

acoustic	 force	 acts	 vertically,	 counteracting	 the	 gravitational	 force,	 and	 horizontally,	

transporting	and	stabilizing	 the	 sample.	The	FEM	model	was	used	 to	calculate	Utot	 for	 the	

five-LPT	platform	configuration	(H/λ =	0.496, Vexp	=	2.6	ms-1,	 time	=	1.6T).	The	model	was	

validated	 against	 the	 experimental	 values	 of	 the	 force	 acting	 on	 a	 sphere	 inside	 an	 axi-

symmetric	 levitator	 (see	 section	 5.3.1).	 Figure	 6.4	 shows	 a	 typical	 pattern	 of	 Utot	 at	 the	

middle	plane.	The	horizontal	and	vertical	variations	of	Utot	and	the	related	forces	along	the	

lines	crossing	at	the	potential	minimum	(Figure	6.4)	are	shown	in	Figure	6.5.	The	horizontal	

force	 is	more	 than	one	order	of	magnitude	 lower	 than	 the	vertical	one	 (which	overcomes	

the	gravitational	force),	corresponding	to	the	maximum	primary	acceleration	of	around	0.1g 

≈	1	ms-2.	

Once	the	geometry	is	fixed,	the	acoustic	potential	depends	mainly	on	H, V0,	and	Ai(t).	Figure	

6.6	depicts	 the	horizontal	positions	of	 the	 two	coalesced	water	droplets	 for	 two	values	of	

H/λ	and	parabolic	and	cubic	curves	of	Ai(t).	The	figure	also	shows	the	reproducibility	of	the	

droplet	movement	at	the	tested	conditions.	By	increasing	H/λ	from	0.489	to	0.507,	closer	to	

the	resonance	(H/λ	=	0.535,	Figure	6.2),	V0	can	be	reduced.	The	transport	behavior	is	similar	

to	 the	 case	 of	H/λ	 =	 0.489,	 noting	 that	 at	 0.5T	 the	 node	 translation	 is	 smoother	 and	 the	

oscillations	of	the	levitated	sample	are	larger,	especially	at	merging	(1.6T).	The	difference	is	

highlighted	 in	 Figure	 6.7,	 where	 the	 0.6	 mm/s	 case	 is	 shown.	 Changing	 the	 excitation	

function	 Ai(t)	 from	 parabolic	 to	 cubic	 also	 affects	 the	 translation	 pattern	 of	 the	 object.	

Although	 in	 theory	 a	 parabolic	 function	 offers	 linear	 acoustic	 force	 variation	 during	

movement	 (Eq.	2.1),	 a	 cubic	 function	compensates	 in	part	both	 the	effects	of	nonlinearity	

and	the	gap	between	the	LPTs.	

	

p
x&&
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Figure	6.4	The	pattern	of	Utot	at	 the	middle	plane	 for	 the	 five-LPT	configuration	platform	(H/λ	=	0.496,	

Vexp	=	2.6	ms-1,	time	=	1.6T).	The	white	dot	represents	the	location	of	the	minimum	potential	Utot,min.	

	

	

Figure	6.5	The	variation	of	Utot	and	the	related	horizontal	and	vertical	forces	along	the	lines	crossing	at	

the	potential	minimum	shown	in	Figure	6.4.	

	

At	f =	24.3	kHz,	the	characteristic	time	of	the	acoustic	wave	is	f -1	=	41	μs.	Considering	that	

the	acoustic	force	requires	between	50	to	100	periods	to	reach	its	steady	state,	the	acoustic	

potential	 is	 valid	 for	 object	movement	 in	 the	ms	 range	 (see	 Chapter	 5).	 The	 quasi-static	

model	 suffices,	 since	 the	 characteristic	 time	 of	 the	 acoustic	 force	 (200÷400	μs)	 is	 several	

orders	of	magnitude	smaller	than	that	of	the	sample	movement	(Tmin =	3	s).	
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Figure	6.6	Effects	of	the	excitation	function	Ai(t)	and	H	on	the	transport	and	mixing	patterns	of	objects.	

	

	

Figure	6.7	Effects	 of	 the	 reflector	height	on	droplets	 translation	and	mixing	 for	 the	0.6mm/s	 case.	The	

movement	at	H/λ	=	507	is	in	overall	smoother,	but	characterized	by	stronger	oscillations.	
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6.4.2 The	secondary	force	

When	 two	 droplets	 come	 in	 close	 proximity	 of	 one	 another	 (Figure	 6.3c),	 the	 secondary	

acoustic	force	starts	to	dominate,	inducing	an	additional	acceleration, of	the	order	of	1-10	

ms-2	(the	total	acceleration	can	be	calculated	as	 ).	The	theoretical	derivation	of	

such	 a	 secondary	 acoustic	 force	 induced	 between	 two	 closely	 placed	 spheres	 in	 an	

oscillating	 flow	dates	back	 to	more	 than	a	 century	ago	 [99].	The	present	work	allows	 the	

approach	 of	 two	 objects	 in	 a	 contactless	 and	 controllable	manner	 and	 provides	 a	 unique	

platform	 to	 actually	 observe	 and	 investigate	 this	 physical	 phenomenon.	 To	 this	 end,	 it	

constitutes	the	first	experimental	quantitative	confirmation	of	the	secondary	acoustic	force.	

Assuming	 that	 the	 density	 of	 the	 spheres	 ρs	 is	 much	 larger	 than	 the	 density	 of	 their	

environment	ρ0	 (as	 in	 the	case	of	a	 liquid	droplet	 levitated	 in	air),	 the	attraction	 force	on	

either	 sphere	Fr	 when	 the	 angle	 between	 the	 direction	 of	wave	 propagation	 and	 the	 axis	

connecting	two	spheres	is	θ =	90°	(our	configuration)	is	calculated	as	[99],	
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where r is the center-to-center distance of spheres, Rs1, Rs2 are the radii of the two spheres, 

and vrms is the root mean square acoustic velocity of the surrounding fluid. Since the acoustic 

velocity vrms cannot be measured directly, the validated FEM model was used to estimate it. 

V0 and H can be measured experimentally. Figure 6.8 shows the estimated maximum vrms for 

V0 = 1 ms-1 at different values of H/λ at the time of collision of two spheres (T = 1.6). 

Figure 6.3d shows the analytical (Eq. 6.5) and experimental values of  for two water 

droplets of Rs = 0.84 mm which agree very well. The agreement is also excellent for droplets 

of different densities (water, ρs = 1 gcm-3 and tetradecane, ρs = 0.76 gcm-3) and radii, 

spanning over a wide range of acceleration (  = 0.4÷20 ms-2, Figure 6.9). The values of vrms 

used for different experimental values of V0 and H/λ in Figure 6.9 are given in  

Table 6.1. The experimental values of velocity and acceleration of two approaching droplets 

were obtained by processing the images acquired by a high-speed camera (Phantom V9.1). 

Image processing was performed using the open source package ImageJ 1.46a. 
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Figure 6.8 Maximum particle velocity vrms for T = 1.6, V0 = 1 m/s and different values of H/λ. vrms,max 

exhibits similar behavior as |Utot,,max| shown in Figure 6.2. 

 

Table 6.1 Estimated vrms values. 

V0 (central emitter) (ms-1) vrms (ms-1)   

(H/λ = 0.489 ± 0.004) 

vrms (ms-1)   

(H/λ = 0.496 ± 0.004) 

2.6 ± 0.1 6.38 ± 0.725 7.34 ± 0.88 

2.8 ± 0.1 6.87 ± 0.76 7.90 ± 0.37 

3.0 ± 0.1 7.35 ± 0.80 8.47 ± 0.98 

 

 

6.4.3 Material independent and biocompatible handling 

One distinctive advantage of the present acoustophoretic method is that it features an 

almost constant acoustic potential during the node transition between two transducers 

which is an important criterion for stable levitation of liquids [44]. In fact, not only does the 

acoustic force have to be strong enough to overcome the gravitational force, it also has to be 

below the threshold of atomization of the droplet in the acoustic field. Indeed, when the 

acoustic force is stronger than the interfacial force, the droplet atomizes explosively. The 

ratio of acoustic to surface forces for a levitated droplet scales with Rs and is described by 

the acoustic Bond number [8], Ba = 2v2
rmsρ0Rs/σ, where σ is the surface tension of the liquid. 

The maximum Rs that can be levitated depends on the critical acoustic Bond number Ba,cr 

which was determined experimentally to be between 2.5 to 3.6  [8]. The definition of Ba,cr 
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implies that when vrms increases, Rs has to decrease. For a driving frequency of 24 kHz, the 

theoretical upper size limit for water and hydrocarbons is around 2.7 mm and 2.2 mm in 

radius, respectively [44]. Approaching the upper limit of the static levitated droplet, our 

method enables transport and mixing of two droplets with large size ratio. 

 

 

Figure 6.9 The analytical and experimental values of acceleration of water and tetradecane droplets of 

different radii near collision under acoustophoretic handling as a function of their center-to-center distance r. 

The dotted lines represent the values of the primary acceleration p
x&& . Experimental values of V0 and H/λ used in 

these plots are: (a) 2.6m/s, 0.496 (b) 3.0m/s, 0.496 (c) 2.8m/s, 0.489 (d) 2.6m/s, 0.489 

 

Owing to the above-mentioned feature and the inherent independence of the acoustic force 

from special material properties (magnetic optical or electrical), a rich palette of 

combinations of liquid-liquid, liquid-solid and solid-solid transport and interaction are 
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possible. Figure 6.10a-c show the different behavior observed during mixing of two water 

droplets, and two tetradecane droplets. For head on merging of droplets, the different 

regimes of coalescence, bouncing and separation depend on the Weber number, 

We=2Rsu2ρs/σ, where u is the relative impact velocity [100]. The two water droplets 

coalesce at We = 0.42 (Figure 6.10a). Shown in Figure 6.10b are two droplets, for which 

prior to mixing, the low value of Ba (1.85±0.47) prevents atomization. However, after 

merging due to the larger size of the mixed droplet, Ba increases above critical (2.33±0.59) 

yielding explosive atomization). Figure 6.10c shows that two tetradecane droplets first 

bounce off (We = 0.875), then the acoustic force pushes them back together (double-

bouncing) and they coalesce at the second encounter due to the lower impact velocity (We = 

0.25).  

Figure 6.10d and Figure 6.10e show representative solid–liquid interaction scenarios. When 

a solid polystyrene particle (Rs = 0.5 mm, ρs = 1 gcm-3) and a high surface tension liquid 

(water) collide, they do not merge. On the other hand, particle encapsulation is observed if a 

low surface tension liquid such as tetradecane is employed (Figure 6.10d). When dealing 

with a porous or soluble solid particle, two typical configurations are considered. First, if the 

particle is large enough, it acts as a sponge absorbing the liquid. With evaporation rate of 

0.0036 mm2/s for water [101], the droplet volume reduction due to evaporation (1.1% over 

10 sec) does not play a significant role. Alternatively, small porous particles (instant coffee 

granule) dissolve in the water droplet (Figure 6.10e). If the droplet solution is kept in the 

device and the water is allowed to completely evaporate, a bowl-shaped particle is formed. 

The behavior of stationary evaporating droplets containing diluted particles has only 

recently been studied [102], and the findings are qualitatively comparable to those shown in 

Figure 6.10e. 
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Figure 6.10 (previous page) A series of representative experiments with droplets or particles using the 

present acoustophoretic concept. When two flying droplets collide, they may undergo different regimes of 

coalescence, bouncing and separation [100]. (a) Stable water droplet coalescence (We = 0.42). (b) Explosive 

atomization after water droplet coalescence. (c) Tetradecane droplets bouncing (We = 0.875) and subsequently 

coalescing (We = 0.25). (d) Polystyrene particle collision with tetradecane droplet (We = 0.66). (e) Collision of a 

porous particle (instant coffee) and a water droplet (We = 0.24). The bottom colored images show an instant 

coffee particle before and after the mixing-evaporation process. (f) The schematic of the contactless DNA 

transfection process and the transfected cells with blurred edges. The transfection agent TA was premixed with 

the DNA solution. The chamber temperature was 36±2°C and relative humidity was close to saturation. (g) 

Mixing experiment of fluorescein droplet on the left, with logarithmic acid dissociation constant of pKa = 6.4 and 

pH = 3 (the acidity suppresses the fluorescence of the fluorescein) and a droplet of physiological solution with 

pH = 12 on the right. When the two droplets mix, the pH becomes neutral which maximizes the fluorescent 

emission. 

 

Biomedical and biochemical processes are among the major areas that could benefit from 

the presented contactless handling mechanism. Therefore, the biocompatibility of the 

present, purely acoustic, transport and mixing process was tested by performing contactless 

DNA transfection. Figure 6.10f shows the schematic of the contactless DNA transfection and 

the transfected cells with blurred edges. The transfection of nucleic acids into a cell is a 

widely used method to induce the expression of a gene of interest by a target cell (when 

DNA is transfected) or alternatively to down regulate the synthesis of specific proteins 

(when a small interfering siRNA is transfected). The number of potential application is 

enormous and mostly depends on the type of target cells and on the vector used to bypass 

the cellular membrane. The established methods for transfection (Liposome-mediated, non-

liposomal agents, electroporation, and microinjection) require many steps involving contact 

with the container walls, cell starvation or two cell passages before plating the transfected 

cells on the final specimen, and the involvement of critical steps which have to be performed 

manually by trained personnel. Our contactless handling concept enables the undertaking of 

most of the required steps in a contact-free and automated manner thus dramatically 

reducing the amount of reagents required (and thus the related costs) and time of this 

process. HeLa cells were transfected in our device by mixing a drop of cells (at a 

concentration of 3000 cells/µl) in fully supplemented medium with serum (DMEM, Sigma) 

and a drop of a stock solution containing the transfection reagent (XtremeGENE HP, Roche, 

3 µl) and a DNA plasmid (1µg) encoding for enhanced GFP in 50 µl (100 µl) serum free 

medium. The two drops fused by levitation were of 2.5 µl each. In general, the technique 

also applied to the study of incremental transfections in which several DNA plasmids can be 
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introduced in the same cells or in multiple cells lines. The temperature of the chamber was 

maintained at 36±2°C, while the relative humidity was close to saturation. A humid 

environment is necessary to slow down evaporation, since acoustic levitation strongly 

enhances evaporation. The process was fully viable; the cells were mixed with the DNA 

solution in our contactless manipulator (few seconds for merging and 1 to 5 minutes in 

steady levitation position) and plated into a 96 well plate containing 50 µl of fully 

supplemented medium. After 18 hours of incubation, GFP-positive cells were clearly 

detected showing high levels of expression. In particular, the transfection efficiency of the 

levitation protocol was 65% of the standard protocol conducted in micro-wells, while the 

amount of reagents used was reduced by 50-75%. 

The occurrence of chemical reactions in a contactless manner is shown in Figure 6.10g 

where a fluorescein solution with pH = 3 and a physiological solution with pH = 12 are 

mixed. The resulting solution becomes neutral which maximizes the fluorescent emission. 

 

6.4.4 Droplet injection 

Droplet injection into the acoustic manipulator was easily achieved using a Teflon 

micropipette with inner diameter of 275 µm. The acoustic force acts as a body force on the 

droplet at the outlet of the micropipette. When the sum of the body forces (gravitational and 

acoustic forces) overcomes the capillary force, the droplet is detached. The capillary force 

acting on a droplet at the outlet of a pipette of radius Rc is Fc = 2πRcσ. If only the gravity is 

the body force acting on a water droplet, by simply equating the surface tension force to 

gravitational force at the point of detachment, the radius of the detached droplet can be 

found to be Rs = 1.18 mm, corresponding to a volume of 6.9 µl. Since Rc is much smaller that 

the capillary length of water, 3.8 mm, no correction to this calculation is needed [103]. The 

presence of the additional acoustic body force can reduce the droplet size at detachment 

(for example, in Figure 6.9a, Rs,min = 0.63 mm, volume = 1.05 µl). For hydrocarbons with 

smaller surface tension, Rs,min decreases further. The lower limit is set by the critical acoustic 

Bond number; if the acoustic field is too strong, atomization occurs before droplet 

detachment. 
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6.4.5 Acoustophoretic handling of elongated objects 

The spatial and temporal modulation of the acoustic nodes extends the capability of the 

present concept beyond the spherical or near spherical particle and droplet transport and 

enables the generation and smooth motion of elongated nodes and similar objects they 

carry within the chamber. Therefore, a severely elongated object with a characteristic length 

L much larger than λ can be also levitated, propelled, transported, and rotated in a 

controllable manner, going beyond the typical limit of λ/2 for the maximum size of the 

acoustically levitated samples (Figure 6.11). It is worth noting to this end that no previously 

reported acoustic levitation devices, including near field acoustic levitators [104] can even 

simply levitate elongated objects of the kind shown in Figure 6.11. 

 

Figure 6.11 Contactless transport of an elongated object (a toothpick with L=	8cm	≈	6λ,	H	≈	λ).	(a)	

Controlled	 rotation,	 top	view,	 and	 (b)	side	view.	 (c)	Controlled	 translation,	 top	view.	Theoretically,	 there	 is	no	

limit	on	the	length	of	the	object	that	can	be	handled.	

	

6.5 Conclusions	

The	presented	acoustophoretic	concept	paves	the	way	for	new	classes	of	processes,	ranging	

from	novel	alloys	products	of	undercooled	metal-droplets	to	biological-reactions	substrate-

independent.	 A	 wide	 range	 of	 microgravity	 experiments	 can	 now	 be	 performed	 in	 a	

convenient	way,	and	the	handling	extended	to	more	complicated	samples	as	Janus	droplets.	

Hazardous	 chemical	 and	 radioactive	 process	 can	 find	 a	 reusable	 contact-free	 device.	 The	

possibility	 of	 coupling	 the	 acoustic	 force	 with	 an	 additional	 electromagnetic	 field	 would	

extend	 the	 capability	 to	 a	 very	 wide	 horizon,	 including	 separation,	 electroporation	 and	

magnetofluids.	
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7 Acoustophoretic Contactless Rotational Transport and Angular 

Positioning of Matter in Air 

 

7.1 Abstract 

In this chapter, an acoustophoretic concept for contactless rotation and transport of 

droplets and solid particles in air is presented. The acoustic field is modulated in such a way 

that the acoustic potential nodes are controlled in shape, space and time along a circular 

path. Contactless rotation, transport and positioning of water droplets and multiple 

particles in the mm range over paths of several centimeters were experimentally 

demonstrated, numerically modeled and explained. The transport orbits are parallel to the 

gravity vector, implementing an acoustophoretic lift. The material-independency and 

biocompatibily of the acoustic radiation pressure pave the way for new processes, from 

contactless centrifuge to microgravity studies on the earth surface. 

 

7.2 Introduction 

Contactless positioning and transport of matter in air has benefits in a wide range of 

application [26]. Avoiding contact with container and walls is a fundamental requirement in 

processes where reactants and samples require high level of purity [105]. Moreover, the 

contact itself, especially at small scales, represents an obstacle to the movement due to the 

surface forces [13]. In fundamental physics, body forces play a central role: microgravity or 

zero-gravity experiments, for instance, are often needed for accurate results [106-107], but 

their costs, often connected to space flights, are prohibitive in most of the cases. Magnetic 

[108], electrical [109] and optical [96] forces are extensively exploited for such purposes, 

especially due their wide range of magnitude and fine controllability. On the other hand, 

they are intrinsically material dependent, requiring a laborious preparation of the sample in 

most of the cases [16]. 

Acoustic radiation pressure is experiencing a growing role in the recent years, especially for 

lab on chip applications [72]. The new challenge is no longer the stable positioning [19, 110] 

but the manipulation of the acoustic field to control the sample position in space and time 

[49]. Although some progress has been made for particles in liquid [111], more challenging 

is the physics of levitation and manipulation of heavy objects in air: negligible buoyancies 
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forces and difficulties of sound transmission between source and the acoustic medium [30] 

require an in depth understanding of the related physics of sound. 

The fact that a sound wave could exert a torque dates back to more than a century ago [112] 

. If a general theory has been already defined [113-116], experimental exploitation has been 

limited [117]. To date, rotation of electrostatic levitated droplet has been achieved by means 

of acoustic torque [109]. This mechanism has the advantage of applying a torque to 

symmetric object, but it has to be coupled to and additional body force (i.e. electrostatic) to 

be fully controllable. In addition, its magnitude is limited [118-119].  

In Chapter 2 and 6 two concepts of acoustophoretic contactless handling of matter have 

been reported, able to levitate and manipulate heavy particles and droplets in air (density > 

1g/cm3) in air. This result was the first step in expanding the capability of acoustic radiation 

pressure from a zero dimension “positioning” mechanism to “transport” of heavy samples in 

earth-gravity environment.  

In this chapter, a new concept of acoustic field manipulation is presented. The mechanism is 

able to rotate, position and translate along 33mm and 75 mm circular paths liquid and solid 

samples in the mm range. The transport plane is parallel to the gravity field, introducing for 

the first time the concept of an acoustophoretic lift and simultaneous rotation in air. 

 

7.3 Method 

In acoustic levitation, an ultrasonic standing wave is established between an emitting 

surface and a reflector [26]. The radiation pressure, a non-linear property of the acoustic 

field, originates the acoustic potential (see section 2.4 for more details). Its convenient non-

dimensional form, 
3 2

0/ (2 )s fU U R Vπ ρ= ⋅% , is used in this chapter, where V0 is the vibrational 

velocity amplitude of the emitter surface. The gradient of the potential predicts the acoustic 

force acting on the particle, /i iF U x= −∂ ∂ . The particle experiences a force F that pushes 

the sample toward the potential well. The acoustic force counterbalances the gravitational 

force, and in the case of heavy object the particle is trapped at an equilibrium position 

(Figure 7.1). 
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Figure 7.1 The acoustic potential with six main levitation sites, in which six water droplets are levitated. 

The droplets are placed slightly below the corresponding node because of the gravity force acting on them. 

Including the gravitation potential in such geometry is not feasible, since the potential reference is not aligned 

with the field. A hexagonal shaped field is shown, corresponding to H =2.6 λ. In such configuration no central 

node is present. The central node is instead present at H = 2.7λ and it was exploited for contactless handling. 

 

The present concept allows spatial and temporal control of the acoustic potential nodes 

along concentric circular paths. This key feature permits two distinct contactless handlings: 

the translation of levitated samples on the outer nodes and the rotation of an asymmetric 

sample at the central node. The translation plane is parallel to the gravity vector, resulting 

in a contactless acoustophoretic lift. The levitation potential is shaped by the use of three 

levitation elements (LEs) placed at 120 degrees with respect of each other (Figure 7.2a). In 

such a way no singularity during the rotation of the sample is present, and a smooth 

transport and rotation are achieved. The LE is composed of an emitting surface and a 

reflector, placed at a distance H≈5/2λ (Figure 7.2b). This distance guarantees the formation 

of five levitation nodes along the vertical axis z. The emitters of the LEs are driven by an 

excitation mechanism that enables the controllable and selective emission of a single LE. 

The system is based on an in-house designed microcontroller interfaced with a Labview 

computer algorithm. During a translation/rotation cycle of period T, only two LEs are 

simultaneously operating. The V0 of the emitter is modulated in a parabolic manner, as 

shown in Figure 7.2a. In this manner, a nearly constant levitation potential magnitude is 

obtained within the system during the node modulation process. The explanation can be 

found in the quadratic nature of the acoustic radiation pressure (Eq. 2.1). This feature is 

relevant when dealing with liquid samples: the force has to be strong enough to overcome 

the gravitational force, and still weaker than the surface forces of the liquid. In fact, if the 

acoustic forces exceed a certain threshold, the droplet atomizes spontaneously [9, 34]. 
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Figure 7.2 (a) Scheme of the handling system and its driving signal Ai(t). (b)The levitation element LE. 

The reflector and the emitter have the same double curvature (concave) geometry. Ron and Roff are the on-plane 

and off-plane curvature, respectively. These curvatures are optimized for the wavelength in use (λ ≈ 10mm at f = 

32.480 kHz) to enhance the acoustic field in the system. The emitters have been optimized to match their 

resonance frequency to the acoustic resonance frequency of the LE. 

 

The central node can be modulated in such a way that an asymmetric object placed can 

experience a torque. The acoustic nodes are generally ellipsoidal and they exert a stronger 

force on the vertical axis z. This potential distribution is responsible for the typical droplet 

shape (Figure 7.1), balancing the acoustic forces with the surface tension forces [44, 64]. 

The ellipsoidal droplet positions itself at the pressure node of the levitator with the major 

axis parallel to the emitting surface and reflector.  

The study of the acoustic field was carried out with a validated three dimensional FEM fluid-

structure coupled model (Simulia Abaqus 6.9). For details, the reader can refer to section 

3.3.  

 

7.4 Results and discussion 

The translation of levitated particles along circular paths is shown in Figure 7.3a. In this 

configuration, three expanded polystyrene particles are placed at Orbit 0, 1 and 2. Orbit 0 

provides a torque to a non-spherical object (Figure 7.3b). It is characterized by a constant 

magnitude of the potential, i.e. a droplet can be levitated and rotated during the entire 

emission period T: the acoustic field exerts enough force to overcome the gravitational force 

without atomizing the droplet. Along the Orbits 1 and 2 a sample can be trapped at the 
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respective node and translated. Orbit 1 allows the translation of droplets along a 1/4 of the 

orbit (Figure 7.3c), corresponding to about 18 mm of travel. The gravity vector acting along 

the orbit plane is not counteracted by the acoustic levitation forces at four orbit points (at 

0T, 0.25T, 0.5T and 0.75T, respectively). The reason for this discontinuity is well captured 

by the model (Figure 7.3d), that shows how the node modulation exhibits a decrease in 

magnitude at these specific locations. Orbit 2 shows a rotation frequency that is one forth of 

the main frequency (fr = 1/T). 

 

 

Figure 7.3 (a) Orbit 0, in the middle, red. Orbit 1 and 2 in green and white, respectively. (b) A water 

droplet rotated at Orbit 0. (c) Two water droplets simultaneously handled. The droplet at Orbit 0 rotates on its 

axis, while the droplet in Orbit 1 is contactlessly transported along a circular path. (d) The predicted acoustic 

potential along with the experimental sample positions.  

 

The periods T can be adjusted between infinite, corresponding to stable positioning, to 3.3 

seconds, corresponding to a rotation frequency fr =0.3 Hz. Faster rotation speed can be 
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achieved by a different microelectronics programming, by speeding up the computer-

microcontroller communication or by limiting the movement resolution. Enhancing the 

rotational speed would open the possibility of in-droplet centrifuge, of particular interest 

since acoustophoretic contactless biological processes (for instance DNA cell transfection) 

are now possible (see Chapter 6). 

 

7.5 Conclusions 

In this chapter a novel rotational acoustophoretic handling concept was presented, 

experimentally demonstrated and theoretically explained. The mechanism is able to 

simultaneously levitate, rotate and transport along circular orbits liquid and solid samples 

in the mm range. Possible applications range from the contactless material-independent 

handling of liquids and solids to substrate-independent biological reactions in drops.  
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8 Acoustically Morphing Surfaces for Acoustophoretic Transport 

of High Density Materials in Air 

 

8.1 Abstract 

The controlled transportation of droplets and particles in air has always been both of great 

utility as well as challenge. Particularly at small scales, impurity, contamination and surface 

forces hamper the integrity of the sample. Contactless handling represents ideally an 

optimal solution. However, the typical contactless techniques are usually based on the 

electromagnetic or optical properties of the sample, strongly reducing their range of 

applicability. Acoustic forces are known to be material independent, but their utility has 

been restricted by low power and poor controllability in space and time. With the 

introduction of acoustophoresis in air (see previous chapters), multiple particles, droplets 

and even elongated objects can all be simultaneously handled in a contactless manner, with 

no discrimination with respect to their electromagnetic nature. Improving sample levitation 

stability and enhancing the magnitude of the force would extend the field of application to 

ultra high density (heavy) materials such as metals and alloys. This chapter presents a novel 

concept of acoustophoresis, which is enabled by the acoustic morphing of the reflector 

surface, able to register the acoustic footprint of a discretized emitting surface and 

accordingly focus the reflected sound waves. This continuous focusing allows heavy 

levitated objects to be acoustophoretically transported in air. The stability is improved by 

the self-focusing effect exerted by geometrical adaptation. By exploiting both the low 

reaction forces and low relaxation time of a liquid and enhancing the surface tension by the 

use of a thin membrane of plastic compound, the soft structure is able to adapt its shape 

(morph) at the needed location. With such interplay of emitters and reflecting soft-

structure, a 5mm steel sphere (0.5 grams) was contactlessly transported in air solely by 

acoustophoresis. 

 

8.2 Introduction 

Transport of solids and liquids at small scale has always been a difficult task, since adhesion 

forces play a major role at mm sizes and below [11]. A successful objective in the past years 

has been the engineering of solid surfaces to reduce frictional losses, establishing new fields 

such as super-hydrophobicity [120], and even further by modifying the droplet surface itself 
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[13]. However, these approaches still require contacts (i.e. they are hampered by possible 

contamination issues) and the motion of the sample is subjected to material property 

dependencies such as electrostatic [121], electromagnetic and optical properties [122-124], 

also requiring preliminary processing of the sample [13] or of the carrying medium [125]. 

The acoustic radiation forces have been successfully used in lab-on-chip applications for the 

handling of microparticles in liquid solutions. The term acoustophoresis is used in the 

community, ranging from the simple particle concentration [126] to the bidimensional 

transport of single worms [127].  The exploitation of acoustophoresis in air is intrinsically 

much more challenging. Much like a human can easily swim in water but cannot possibly 

swim in air, the negligible contribution of buoyancy forces in a hosting gas medium 

compared to a liquid magnify the challenge of acoustic transport in air proportionally. In 

fact, although the first transport of particle in a liquid through the use of acoustophoreris 

dates back almost 40 years [128], controlled acoustophoresis in air is only now possible 

(see Chapter 6).  

Enhancing the magnitude and the stability of such forces would extend its applicability to 

very high density (heavy) materials, i.e. most metals. In conventional acoustic levitation in 

air a particle is trapped at a node of an axisymmetric levitator, with no possibility of motion. 

In such systems the shape of the reflector and emitter are key factors, since their mutual 

interaction can enhance the acoustic field by several orders of magnitude [32]. Therefore, 

the levitator geometry has been the subject of numerous studies, including the focusing and 

stabilizing effect [110] that a reflector curvature can have on the sample trapping.  

By increasing the levitation power, the radiation pressure is sufficient to deform the surface 

of liquids and soft materials [129]. The deformation changes the acoustic resonance 

frequency of the acoustic levitator, modifying the acoustic field: the steady state nature of 

the radiation pressure couples with the reaction forces of the reflecting material. The first 

application of this phenomenon to trap heavy samples in an axisymmetric levitator has been 

qualitatively reported by Hong et al [130].  

Acoustophoresis in air and the resulting planar transport have a weak focusing effect due to 

the flat reflecting surface. When dealing with heavy material (density ρ > 0.5 g/cm3), the 

motion is characterized by sample oscillations at the potential nodes, due to the low 

damping effect offered by the hosting medium (i.e. air). A reduction of these oscillations 

would be possible by a geometry that would focus the acoustic waves, strengthening the 
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restoring forces [110]. On the other hand, a pre-defined geometry would prohibitively 

restrict the free transport on a plane.  

The concept presented in this chapter exploits the acoustic morphing ability of an 

engineered material made of a plastic membrane, a liquid volume and a solid container 

(membrane-liquid-solid, MLS) as a key factor of acoustic levitation for high density 

materials. The MLS deforms under the effect of the radiation pressure. By adapting itself 

locally at the wanted location, it focuses the acoustic field on two planes and enhances the 

magnitude of the levitation force. The surface deformation assumes a concave shape which 

moves along with the levitation node and the transported sample, creating a locally and 

temporally optimized deformation. Such concave areas move at the speed of the transported 

sample. They can occur at multiple locations, and can merge and split along with the 

levitation nodes. 

The physics of the acoustic and reactive forces of the MLS material was studied through a 

three dimensional numerical model. The acoustic force depends on the morphed geometry, 

and vice versa. The MLS structure (polypropylene, glycerin and PMMA) was experimentally 

studied and demonstrated to be a liner material in a wide range of elasticity. The coupled 

acoustic-structural model was validated by means of a line-focused acoustic levitator, and 

the results were comparable to the experiments. To showcase the potential and 

functionality of the system, a steel sphere of 5mm in diameter (mass of 0.5 g) was 

acoustophoretically transported along a 16 mm cm path. 

 

8.3 Results and discussion 

The acoustic pressure exerts a force to all parts of the device exposed to the acoustic field: 

emitter, reflector and sample (Figure 8.1a). The emitter vibrates sinusoidally at the driving 

frequency f with a velocity amplitude V0. To achieve the highest forces, the emitter is placed 

at a distance H ≈ λ/2, where � is the acoustic wavelength, to establish a standing wave with 

a single vertical acoustic node (Figure 8.1b). The reflector, if soft enough (to be discussed 

later), deforms under the effect of the radiation pressure: 
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where prms and vrms are the root mean square acoustic pressure and velocity, respectively, 

and ρf and c are the density and the speed of sound of the acoustic medium, respectively. For 

a constant f, the acoustic pressure and velocity depend on the resonator geometry. By 

varying the height H in the proximity of λ/2, the resonant height Hr of the levitator is found, 

corresponding to the strongest acoustic field. Hr also depends on many other geometrical 

parameters [32, 69], with the most influencing factor being the curvature of the reflector. 

Figure 8.1c shows the new configuration of the levitator, in which the reflector deforms to a 

typical concave shape. The acoustic field is increased in magnitude, and a stronger load is 

applied by the radiation pressure on the deformable surface. The geometry adapts again 

until a final equilibrium is found.  

To study the enhancement of the force acting on the particle, it is of convenience to 

introduce the acoustic potential (see section 2.4). It can predict the sample levitation site 

and the actual force exerted by the acoustic field on a small spherical particle of radius Rs 

[53]. The focusing effect of the soft MLS reflector enhances the acoustic potential in both the 

vertical and horizontal components. The vertical component is directly responsible for 

levitation, opposing the gravitational vector: the higher this force, the heavier is the matter 

that can be levitated. The horizontal component is responsible for the centering of the 

sample at the levitation node: its increase improves the stability of the sample levitation and 

transport, reducing the oscillation of the sample around the levitation node. This 

improvement has benefits on the maximum actual vertical force as well, since the density of 

the sample that can be levitated is increased. The highest vertical force measured in 

experiments is actually accompanied by a weak restoring force ([81, 83], see Methods). 

For an axisymmetric rigid reflector, the enhancement of the levitation potential has optimal 

values of curvature in the range R=1÷2λ [19, 69, 73]. Such curvatures require a deformation 

of the soft self-focusing MLS structure in the mm range for an operating frequency of 25 

kHz. Considering the radiation pressure pr of interest to be in the 10÷100 Pa range, the soft 

reflector should be characterized by a Young modules E in the range 0.1÷1 kPa. 

Polydimethylsiloxane (PDMS) and hydrogels showed strong limitations: the former due to 

insufficient crosslink and “sticky” characteristics at very low Young modulus (below 1kPa), 

the latter due to deterioration of the material after long term use. The time scale of the 

acoustophoretic transport adds an additional limitation for these materials. The relaxation 

time is very high, of order of seconds. As a result, the concavity cannot follow the planar 

motion of levitation node, prohibiting contactless transport of matter.  
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Figure 8.1 (a) A line-focused acoustic levitator, front view. The radiation pressure acts on the emitter, 

reflector and levitated sample. (b) Rigid configuration of a line-focused levitator, front view, along with the 

acoustic prms and vrms distributions. (c) A deformable reflector morphs under the radiation pressure effect, 

enhancing the acoustic field. 

 

A liquid tank filled with glycerin and covered with a polypropylene membrane ended up 

being the best solution given the requirements of the problem (Figure 8.2a). The 

polypropylene membrane (the commercially available food packaging cellophane) had an 

estimated thickness of 7.5 μm; the liquid tank was a 135x100x7mm Poly(methyl 

methacrylate) (PMMA) container (Figure 8.2b). This length and width minimized the effect 

of the edges of the acoustic field on the levitation sites. Moreover, they offered a sufficient 

travel length for transport. The depth guaranteed a deformation sufficient for the acoustic 

requirements, without interfering with the bottom of the solid pool. The three components 

of the MLS material were purposely chosen to be transparent to light, so that optical access 

was guaranteed for laser vibrometer measurements (Figure 8.2c, see Methods). Such an 

MLS structure is required in light of the complex interaction of the acoustic waves with 

solid, liquid and membrane. It is worth mentioning that using only a liquid in direct contact 

with the acoustic field is not permitted to the high acoustic power. When this was done, the 

acoustic radiation pressure focused on a point, destroying the continuity of the liquid 

surface and trapping macro-bubbles. Employing solely a membrane requires high pre-

tensioning to achieve a flat surface. Such pre-tensioning increases the final stiffness of the 

structure, which becomes too rigid to morph in response to the acoustic field. The employed 

MBL system uses the advantages of its individual components. The surface liquid keeps the 

membrane flat, while the membrane prevents bubble formation in the liquid. Moreover, the 

membrane provides a protection layer to the liquid from the environment. The rigidity of 

the entire structure is provided by the solid tank. The use of a high viscosity liquid (glycerin) 

competed against the coupling of the acoustic field with the liquid. In fact, using water or a 
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liquid with equivalent viscosity reduced the stability of the levitation, since surface waves 

may occur at the driving frequency even in presence of the membrane. The flexibility of the 

MBL concept allows elasticity calibration of the structure by simply pre-tensioning the 

membrane (Figure 8.2d, see Methods). For the used values (E = 0.5 ÷1 kPa), the MLS 

structure can be approximated as a linear material (Figure 8.2e). 

 

 

Figure 8.2 The MLS Membrane - Liquid - Solid reflector. (a) Its isometric and lateral view. (b) One of the 

manufactured MLS structures before its use as a reflector (c) The transparency of polypropylene, glycerin and 

water allowed laser vibrometer measurements. (d) The MLS structure assembly. Pre-tensioning allows the 

calibration of the final stiffness. (e) Indentation test for three different pre-tensioning values after applying the 

Dimitriadis model ([131], see Methods). The pre-tensioning is measured in N/m as applied tension per unit of 

width of membrane. 

 

In order to study the physics of the acoustic-reaction forces interaction, a numerical model 

was developed, which calculates the acoustic field in the levitator, and adapts the geometry 

accordingly to the acoustic forces. The corresponding acoustic field variation due to 

geometrical changes is computed and the process is iterated until convergence is obtained 

(see Methods). The numerical model predictions along with the experimental results are 

shown in Figure 8.3. By moving from a rigid reflector to a softer reflector, the force curve 

shifts its resonant height. 
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The resonant height shift shows a monotonic behaviour: by decreasing the elastic modulus 

of the reflector a higher deformation is obtained. The considered distance H in this analysis 

is a reference height measured in the undeformed, initial configuration Href (Figure 8.1b), 

while the real distance in the final configuration is higher, Hreal. As a consequence, the more 

the reflector is deformable, the sooner the resonance height is reached (Figure 8.1c). 

The increase in magnitude has its peak for the case of E = 0.5 kPa. This enhancement equals 

320% of the rigid case (E > 10 kPa). At lower E, an enhancement of the levitation forces 

takes place: the dimple produced on the reflector’ surface by the radiation pressure has a 

focusing effect on the field, increasing the force acting on a particle introduced inside of the 

levitator (higher levitation forces and horizontal stability). Different from the resonant 

height case, this behavior is not monotonic. To this end, if a moderate deformation enhances 

the field, an excessive deformation reduces it. It can also be noticed how the profile of the 

acoustic force exerted on the sample is less sharp for softer reflectors. Showing an enhanced 

force with respect to the rigid case in the range H/λ = 0.52÷0.55 with only 20% of 

magnitude variation, is characteristic of a very good broad-band resonator, rather 

insensitive to temperature (λ scales with T ) and geometry changes. 

The experiments show a good qualitative agreement with the model (Figure 8.3). In both 

cases, reducing E of the reflector results in an increase of the magnitude and a decrease of 

the resonance height. The magnitude shows a non-monotonic behavior, decreasing for E < 

0.5 kPa. This non-monotonic behavior was also confirmed in the experiments by 

manufacturing an MLS structure with a PDMS membrane. A shift toward higher resonant 

heights is found for the softest reflector. The disagreement can be explained with the 

assumption of linearity of the material. The very soft MLS reflector was not possible to be 

realized with a polypropylene membrane. It was manufactured by the use of a thin layer 

(200÷300 µm) of PDMS (E ≈ 10÷20 kPa). The indentation results (Figure 8.2e) show how 

the limit of the linearity assumption is already evident for the softest polypropylene MLS 

reflector (E = 1.02 kPa).  

The difference in magnitude between numerical model and experiment is likely due to the 

force measurement test (see Methods). The drop-test is a very simple and not invasive 

method. On the other hand this test has been shown to underestimate the force magnitude 

of 30-50% [81, 83]. The validation performed for the present set-up shows similar 

limitations (see Methods). 
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It is worth noting that while in the simulations the vibrational velocity V0 was fixed to V0 = 1 

m/s, in the experiments V0 was varied by acting on the driving voltage of the emitter. The 

Vmin is then normalized with respect to V0 to calculate the equivalent force, but this scaling 

cannot be performed for the displacement of the MLS reflector. Indeed, the deformation 

depends on the actual force. Vmin in the experiments was close to 1 m/s for the peak force, 

reducing the mismatching. The difference increased by moving off the peak, since Vmin 

increases far from Hr. Indeed, a wider profile would be expected for the same boundary 

condition, better matching the experiment. In addition, an error of 150 µm in height is 

expected, due to difficulty of having a perfect parallel position between the emitter and the 

MLS structure. 

 

 

Figure 8.3 Numerical (top) and Experimental (bottom) acoustic force acting on a sphere (ρ= 2.2 g/cm3, Rs 

= 0.5 mm). 

 

In order to prove the practical benefits of the MLS concept for acoustic levitation, the self-

focusing reflector was coupled with an acoustophoretic method (see Chapter 6). Figure 8.4 

showcases how the induced local self-focusing effect make possible the contactless 

transport of a steel spheres of 5 mm of diameter (density ρs= 7.9 kg/cm3, total mass = 0.5 g) 
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along a 16mm path solely by acoustophoretic forces. The acoustically induced dimple moves 

along with the sample and the acoustic node. 

 

 

Figure 8.4 Contactless transport of a steel marble. The sphere size is 5mm in diameter and travels 

between two neighboring emitters. The dimple on the MLS travels along with the acoustic field and the sample. 

 

8.4 Conclusions 

A self-focusing, locally-deforming (morphing) structure concept for acoustophoretic 

contactless transport of high density objects in air has been introduced and its physics 

experimentally and numerically investigated and explained. A composite membrane-liquid-

solid (MLS) material (polypropylene, glycerin, PMMA) has been designed and 

experimentally characterized for this purpose. Its linear behavior has been confirmed for 
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Young modulus as low as 1 kPa. The acoustic field coupling and enhancement has been 

experimentally and numerically studied. The three-dimensional model showed a monotonic 

trend for the resonant height, and a non-monotonic trend for the magnitude of the acoustic 

force. After the acoustic force peak, the MLS material acted as a broad band resonator. The 

locally induced deformation and its controlled variation in space and time has been 

demonstrated through the acoustophoretic contactless transport of a steel sphere of 5 mm 

in diameter. 

This study extends the potential of acoustic levitation addressing the importance of 

acoustically morphing reflecting materials. Such improvement significantly extends the 

range of application of acoustic levitation. 

 

8.5 Methods 

The Model: The three-dimensional finite element model was developed using Simulia 

Abaqus 6-11. It is composed of two modules, linear acoustic and static deformation: the 

former calculates the acoustic field within the line-focused levitator; the latter calculates the 

deformation of the reflector under a specify load. Both models allow very large 

deformations. In particular, the reflector allows deformation up to the 80% of its thickness, 

with the acoustic medium adapting accordingly. The two models communicated through an 

in-house developed Python code. Using the value of acoustic pressure and velocity 

calculated by the first module, the code computes the acoustic radiation pressure load using 

Eq. 8.1. The two modules iterate until a final equilibrium criterion is satisfied. The 

applicability of such modelling to study acoustic forces has been already demonstrated, and 

the FEM model has been experimentally validated. 

Experimental procedure and apparatus  

The line-focused levitator:  the line-focused levitator is composed by an emitter and a 

reflector. The radiating plate of a Langevin Piezo Transducer LPT was used as emitter 

(square cross-section, 15x15mm). A curvature of R = 21 mm enhanced the levitation along 

one orthogonal direction. The MLS structure was used as reflector. A wave generator and an 

amplifier (ECLER DPA-4000T) were employed to drive the LPT with a voltage A=0÷120V. 

The MLS reflector: to assemble the MLS structure and to calibrate the desired elasticity an 

in-house apparatus has been designed and realised (Figure 2f). The polypropylene layer is 

held between two cylinders, with one edge constrained and the other free to translate. On 
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the unconstrained side a known tension is applied. At the desired tension, the tank 

containing the glycerin is approached to the layer. The membrane adheres to the liquid due 

to the surface tension. A small tilt is preferable to avoid air bubble trapping. In a last step an 

aluminum frame is placed on the top of the reflector and bolted at eight anchoring points. 

Three pre-tensioning levels have been used. A pre-tensioning of 5 N/m has been selected to 

realize a high deformability reflector, and at the same time to avoid the formation of ripples 

along the membrane surface. Pre-tensioning of 28.9 N/m represented the high limit, still 

allowing a moderate deformability under the acoustic field forces. An intermediate pre-

tensioning of 12.6 N/m was also used. The reproducibility of the prescribed method is good, 

and the Young modulus variation is ± 8%. 

Drop test: the force acting on the particle was measured by means of the drop test. In a 

drop test, the particle is placed at the levitation site at high acoustic levitation power. V0 was 

measured by means of a laser vibrometer Polytec CLV- 2534. By decreasing the driving 

voltage A, V was also decreased. Vmin is the minimum value of V0 allowing levitation at a 

certain height H. By using Eq. 2.1 and 2.3 and normalizing the force to V0 =1 m/s, the force 

can be compared to the numerical model. The particles used for the drop tests were spheres 

of polystyrene (1 g/cm3), glass (2.2 g/cm3), alumina (3.2 g/cm3) and ceramic (4 g/cm3). In 

order to minimize the interference with the acoustic field, the Rs for all the spheres was 0.5 

mm (Rs < 0.1 λ ~ 0.7mm suffices). 

Indentation test: the indentation test on the MLS has been performed with an in-house set-

up. The low Young modulus required a very soft load cell, substituted in our case by a 

discretized column of known weights acting above a 7mm diameter steel sphere in contact 

with the center of the MLS reflector. By reconstructing the deformation through image 

processing (Image J ver. 1.46), the displacement for each weight was obtained. The 

displacement-stress relationship is finally computed with the Dimitriadis model [131]. 
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9 Conclusions 

 

9.1 Result overview 

Concluding, the present thesis has made substantial contributions to the field of acoustic 

levitation. 

For the first time, contactless transport of heavy matter in air was achieved through the use 

of acoustophoresis. The full exploitation of a line-focused levitator allowed the transport of 

solid spheres in the mm range size along a line. A numerical model was developed and 

experimentally validated to describe the acoustic field manipulation possibilities due to 

coupling of geometry and sound emission. A theoretical and numerical analysis regarding 

possible extensions of this levitation system to transport droplets was also performed. The 

results showed better overall performance exploiting higher modes of resonance, with an 

optimum found with three vertical levitation nodes. 

The issue of stability of a particle in an acoustic levitator was investigated, focusing on the 

effects of particle size and medium viscosity on the axial and radial forces exerted on fixed 

spherical and ellipsoidal particles. The radial force always decreases with increasing 

viscosity, while the axial force behavior is non-monotonic, depending on the radius of the 

particle. The physical explanation for the effect of viscosity on the force acting on both small 

and large particles was discussed in detail. The force exerted on an ellipsoidal particle was 

found to be stronger than that exerted on a volume-equivalent sphere up to the point where 

its size becomes large enough to act against the establishment of the standing wave in the 

levitator chamber. Based on the findings in this work, insight for the phenomenon of 

particle levitation instability in an acoustic levitator was provided. It was found that the 

radial force behavior can explain levitation instability. At intrinsically unstable axial 

positions, the radial force is negative. For large particles, particle stability is lost due to the 

radial force becoming negative and for small particles the viscous force can induce 

instability. A levitated ellipsoidal particle is more stable than its volume-equivalent 

spherical particle. 

A novel acoustophoretic concept was introduced, enabling the continuous planar transport 

and processing of an unlimited number of acoustically levitated droplets and particles over 

a wide range of volumes (0.1-10 μl) in air. The concept is based on the ability to spatially 

and temporally modulate the acoustic node regions in the acoustic field, enabling the 
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reversible transition from material trapping to acoustophoretic transport. Representative 

experiments with droplets or particles, illustrating contactless coalescence, mixing, 

encapsulation and DNA transfection, amply underpinned the capabilities of the method. 

Additionally, the levitation and handling of extremely elongated objects with characteristic 

length much larger than the acoustic wavelength was demonstrated through their transport 

and rotation. 

A novel rotational acoustophoretic handling concept was presented, experimentally 

demonstrated and theoretically explained. The mechanism is able to simultaneously 

levitate, rotate and transport along circular orbits liquid and solid samples in the mm range.  

Finally, a self-focusing (morphing) structure concept for acoustophoretic contactless 

transport in air has been introduced and its physics experimentally and numerically 

investigated and explained. A composite membrane-liquid-solid (MLS) material 

(polypropylene, glycerin, PMMA) has been designed and experimentally characterized. The 

locally induced deformation and its controlled variation in space and time has been 

demonstrated through the acoustophoretic contactless transport of a steel sphere of 5 mm 

in diameter.  

 

9.2 Outlook 

Future work should focus on different aspects. 

The line-focused levitator, with its high sensitivity to resonance height, can find its best use 

in applications where high sample acceleration and predefined particle locations are 

needed. In such a context, additional investigations of the levitator geometry can introduce 

further transport benefits, especially regarding non-symmetric designs. 

The acoustophoretic concept in air opens up a wide range of new applications. Focusing on 

the levitator itself, the reflector, emission control and emitters can all benefit from a more 

future advance in their engineering. For example, a real-time pressure field feedback system 

would easily bring the reliability of the system toward 100%. A combination of line-focused 

levitator and a discretized emission platform would combine the benefits of both concepts. 

Regarding the possible fields of application of acoustophoretic contactless handling of 

matter in air, all kinds of experiments are now possible, with substrate-independent 

biological-reactions being one of the most interesting. The possibility of coupling the 
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acoustic force with an additional electromagnetic field would extend the capability to a very 

wide horizon of applications, including separation, electroporation and magnetofluids.  
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