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Sound waves can be used to levitate solid particles and liquid drops in air. However,
most acoustic levitation methods are only capable of levitating objects considerably
smaller than the acoustic wavelength. In this paper, we present an acoustic method to
levitate objects much larger than the acoustic wavelength. In this method, a large object
is suspended in air by producing an acoustic standing wave between a set of ultrasonic
transducers and the object. To demonstrate this levitation method, a sphere of 50 mm in
diameter is suspended in air by three 25 kHz transducers arranged in a tripod fashion
and a slightly curved object is acoustically levitated by using a single transducer operat-
ing at 24.57 kHz. The acoustic levitation of large objects is simulated by using the Fi-
nite Element Method to calculate the acoustic pressure and velocity fields around the
object. From these fields, the acoustic radiation pressure is calculated and the vertical
and horizontal forces that act on the object are determined by numerically integrating
the radiation pressure over the surface of the objects.
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1. Introduction

Sound waves carry linear momentum [1] and transferring it to an object results in an acoustic ra-
diation force [2], which can be used to levitate [3] and manipulate [4,5] matter in air.

There are different approaches to acoustically levitate objects in air. One of the most usual
strategies consists in trapping small objects in the pressure nodes of a standing wave field estab-
lished between a transducer and a reflecting surface [6,7]. Another well-known technique is called
near-field (also called squeeze film) levitation. In this technique, flat objects can be levitated at a
height of tens of micrometers from a surface vibrating at an ultrasonic frequency [8,9].

Recently, the acoustic levitation of small particles relying on single beams was demonstrated
[10,11]. In one of these demonstrations, multiple transducers were used to levitate, manipulate and
rotate small particles in air [10]. In another study [11], a collection of metamaterial bricks was
placed in front of an array of transducers to shape the sound field in such a way that the emitted
wave was capable of levitating small particles in air.

Despite the recent progresses in acoustic particle levitation and manipulation in air, most levita-
tion strategies are restricted to particles [3,6] and liquid drops [12] that are much smaller than the
acoustic wavelength. In contrast, near-field acoustic levitation [8] is capable of levitating and trans-




ICSV24, London, 23-27 July 2017

porting large objects, but the maximum levitation height is restricted to hundreds of micrometers
from the transducer surface.

An acoustic approach for levitating objects larger than the acoustic wavelength was proposed by
Zhao and Wallaschek [13]. In their approach, a planar object much larger than the acoustic wave-
length is levitated by generating a standing wave between an ultrasonic transducer and the object.
However, this approach was only capable of providing vertical acoustic forces to the levitated ob-
ject and a central pin in contact with the object was necessary to prevent the object from falling lat-
erally. To solve this problem, we have used three transducers arranged in a tripod configuration to
achieve both vertical and lateral levitation stability [14]. By using three ultrasonic transducers oper-
ating at 25 kHz, we have levitated a 50-mm-diameter expanded polystyrene sphere without any
physical contact between the transducers and the levitated sphere.

In most cases, multiple transducers are required to achieve both vertical and horizontal levitation
stability of the large object in air. However, we show here that it is possible to suspend a large ob-
ject in air using only one ultrasonic transducer. In this paper, two setups capable of levitating large
objects are investigated. The acoustic levitation of large objects is simulated by using the Finite
Element Method (FEM). The acoustic pressure and particle velocity distributions around the object
are determined by using FEM. From these fields, the acoustic radiation pressure is calculated and
integrated over the object surface to obtain the vertical and horizontal acoustic radiation forces that
act on the object. To illustrate these distinct cases, two different objects are acoustically levitated in
air.

2. Levitation strategies

In order to acoustically levitate a large object, two conditions must be satisfied. The first condi-
tion is that the acoustic radiation force must be high enough to counteract gravity and suspend the
object in air. The second condition involves generating a horizontal restoring force to prevent the
object from escaping laterally. In this paper, two different acoustic levitation strategies satisfying
these conditions are presented. Both strategies are based on generating an acoustic standing wave
between transducers and the object.

The first levitation strategy is illustrated in Fig. 1(a) and it was described in a previous paper
[14]. In the levitation strategy of Fig. 1(a), the gravity force Fq that acts on the object is counterbal-
anced by the acoustic radiation force Frag produced by three ultrasonic transducers arranged in a
tripod fashion. In this arrangement, each transducer applies an axial radiation force on the object
and at least three transducers are required to provide vertical and horizontal levitation stability.

(@) (b)
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Figure 1: Acoustic levitation strategies to achieve vertical and horizontal stability: (a) Three transducers; (b)
Single transducer.

The second strategy is shown in Fig. 1(b). This configuration requires only one ultrasonic trans-
ducer to provide vertical and horizontal restoring forces to the levitated object. In general, this con-
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figuration is not capable of providing horizontal restoring forces to the levitated object, but there are
specific object geometries in which the acoustic standing wave generates not only a vertical force
on the object but also a horizontal restoring force. In this case, it is possible to use a single trans-
ducer to provide both vertical and horizontal levitation stability.

3. Numerical models

The axial and lateral acoustic radiation forces that act on objects having axial symmetry are de-
termined numerically by using the Finite Element Method. The axial force on an object aligned with
the transducer’s main axis is determined by axisymmetric models (Fig. 2). The numerical simula-
tions are carried out in the software COMSOL Multiphysics (COMSOL AB, Stockholm, Sweden).
Using a linear acoustic model, the COMSOL software is used to obtain the acoustic pressure p and
the particle velocity u around the object surface. It is assumed that the transducer circular face vi-
brates uniformly with a velocity amplitude ug. Perfectly matched layers (PML) are applied at the
edges of the air domain to simulate an infinite medium. The simulations are performed by consider-
ing an air density pp of 1.2 kg/m® and a sound velocity ¢, of 340 m/s. From the simulated linear
fields p and u, the time-averaged radiation pressure is calculated by [2,15]:

(p,)=

In Eqg. (1), the symbol ( > represents the time average. From the time-averaged radiation pres-
sure <pr> , the acoustic radiation force vector Fr,q that acts on the object is determined by:

I:rad = __LO < P, >nd8’ (2)

where the integral is evaluated over the surface Sy of the object and n is the surface normal vector
pointing outward the object surface.
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Figure 2: Axisymmetric numerical models used to calculate the axial force on the levitated object: (a) Levita-
tion of a sphere; (b) Levitation of a slightly curved object.

Two axisymmetric models were implemented. The first model, shown in Fig 2(a), is used to cal-
culate the axial acoustic radiation force that acts on a rigid sphere of 50-mm-diameter due to the
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ultrasonic wave emitted by a 20-mm-diameter ultrasonic transducer operating at 25.23 kHz. The
second model is illustrated in Fig. 2(b) and it is used to obtain the axial force on a slightly curved
object located above a 50-mm-diameter transducer operating at 24.57 kHz. In the second model, the
integral of Eq. (2) is evaluated at the bottom surface of the object. The slightly curved object has a
diameter of 43 mm and its bottom convex surface has a curvature radius of 94 mm. Both axisym-
metric models are used to obtain the axial force as a function of H, which is the distance between
the transducer surface and the bottom part of the object.

The axisymmetric models illustrated in Fig. 2 can only simulate the axial force on the object.
However, a successfully levitation requires also a lateral restoring force. Due to the circular symme-
try, the radial force is zero for an object aligned with the transducer main axis. In order to simulate
the lateral force that acts on the object, a three-dimensional model is used to obtain the horizontal
force as a function of lateral displacement Ax of the object. The three-dimensional model is illus-
trated in Fig. 3. This model is similar to that presented in Fig. 2(b), but allows obtaining the force
Fraq @s a function of H and Ax. Due to symmetry, only one half of the model was simulated and
symmetric boundary conditions were applied in the xz-plane. Perfectly matched layers (PML) (not
shown in Fig. 3) were also employed to avoid wave reflections at the edges of the air domain.

ANZ

Figure 3: Three-dimensional numerical model used to calculate the lateral force on the levitated object.

4. Experiments

The acoustic radiation force that acts on a 50-mm-diameter expanded polystyrene sphere was
measured by an electronic scale. The sphere was placed on the scale and a Langevin-type transducer
attached to a motorized linear stage was positioned above the sphere. The scale and the linear stage
were controlled by a code written in Matlab (MathWorks, Natick, MA). With this setup, it was
measured the acoustic radiation force on the sphere as a function of H for the transducer operating
at 25.23 kHz with its front face vibrating with a displacement amplitude of 15 um. The details of
the experimental setup were described previously [16].

In addition, three custom made 25 kHz Langevin-type transducers arranged in a tripod configu-
ration were used to levitate an expanded polystyrene sphere of 50 mm in diameter and mass of
1.46 g. The transducers were driven by two functions generators (one single-channel and one dual
channel) connected to three power amplifiers.

In a second experiment, a custom made Langevin transducer with a plane radiating face of
50 mm in diameter was used to levitate a circular slightly curved object in air. The object was made
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of expanded polystyrene, with a diameter of 43 mm and a curvature radius of 94 mm. The trans-
ducer was excited with a sinusoidal signal with a frequency of 24.57 kHz.

5. Results

The acoustic pressure distribution p around the sphere obtained with the numerical model of
Fig. 2(a) is shown in Fig. 4(a). The numerical model was also used to obtain the particle velocity
distribution u. The pressure and velocity distributions were replaced in Eq. (1) to calculate the
acoustic radiation pressure, which was replaced in Eq. (2) to obtain the axial acoustic radiation
force on the sphere. The ratio between the axial radiation force F, and the square of the transducer
velocity amplitude uo? is presented in Fig. 4(b). Figure 4(b) also shows the ratio between F, and ug®
obtained experimentally. As it can be observed in Fig. 4(b), there is a good agreement between the
numerical and experimental curves. The peak occurring at H ~ 7 mm is due to the standing wave
formed between the sphere and the transducer, as it can observed in Fig. 4(a).
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Figure 4: Numerical results obtained with the axisymmetric model of Fig. 2(a) for a transducer radius of
10 mm operating at 25.23 kHz with a velocity amplitude u,: (a) Acoustic pressure distribution around the
sphere for H = 7.05 mm; (b) Ratio between the axial acoustic radiation force F, and the square of the trans-
ducer amplitude velocity ug on a 50-mm-diameter sphere as a function of H.

The acoustic levitation of a slightly curved object in air was simulated by using the models of
Figs. 2(b) and 3. The axisymmetric model of Fig. 2(b) was used to obtain the axial acoustic radia-
tion force on the object, while the three-dimensional model was used to calculate the lateral force
when the object is displaced laterally. Figure 5 shows the acoustic pressure distribution between the
curved object and the 50-mm-diameter transducer. The results of Fig. 5 were obtained for the trans-
ducer operating at a frequency of 24.57 kHz and a levitation height H of 7.6 mm. In Fig. 5(a), the
curved object main axis coincides with the z-axis and in Fig. 5(b), the object is horizontally dis-
placed by Ax = 3 mm. As it can be observed in Fig. 5(a), the pressure distribution is symmetric in
respect to the object main axis, and consequently, the horizontal radiation force is zero for Ax = 0.
In Fig. 5(b), the acoustic pressure amplitude is higher on the left side of the object, which produces
a horizontal restoring force pointing to the right. This force causes the object to return to its equilib-
rium position.
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Figure 5: Acoustic pressure distribution around the slightly curved object obtained with the three-
dimensional model of Fig. 3: (a) Simulated acoustic pressure for H = 7.6 mm and Ax = 0; (b) Simulated
acoustic pressure for H=7.6 mm and Ax = 3 mm.

The axial acoustic radiation force that acts on the curved object, obtained with the model of
Fig. 2(b), is shown in Fig. 6(a). This axial force has a peak at H ~ 6 mm and the axial stability is
achieved at levitation heights corresponding to the descending parts of the curve. However, a suc-
cessfully levitation requires not only an axial stability but also a horizontal restoring force to pre-
vent the object of falling laterally. The lateral acoustic radiation force that acts on the curved object
as a function of the lateral displacement Ax is presented in Fig. 6(b). This figure presents the lateral
force for three different levitation heights (H = 6.4 mm, H = 7.0 mm and H = 7.6 mm). A lateral
equilibrium is obtained when the curve presents a negative slope for Ax = 0. This means that from
the three curves presented in Fig. 6(b), only the levitation heights H = 6.4 mm and H = 7.6 mm can
be used for levitation.
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Figure 6: Simulated acoustic radiation force on the slightly curved object for the transducer operating at
24.57 kHz with velocity amplitude ug: (a) Axial acoustic radiation force simulated with the model of
Fig. 2(b); (b) Lateral acoustic radiation force as a function of the lateral displacement of the object for differ-
ent values of H.

The experimental demonstration of the acoustic levitation of objects larger than the acoustic
wavelength is illustrated in Fig. 7. Figure 7(a) shows an expanded polystyrene sphere with a diame-
ter of 50 mm being levitated by three ultrasonic transducers operating at a frequency of approxi-
mately 25 kHz. As described previously [14], the vertical and horizontal levitation stability is
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achieved by employing three ultrasonic transducers in a tripod configuration. From the experiments,
it was observed that a single transducer was only capable of providing an axial force to the object
and three transducers were required to achieve vertical and horizontal stability.

Differently from the previous experiment where three transducers were required to levitate a
large sphere, a single transducer of 50 mm diameter operating at 24.57 kHz was capable of levitat-
ing a slightly curved object weighting 188 mg. The acoustic levitation of the curved object by a
single transducer is shown in Fig. 7(b). In this figure, the object is suspended in air a height of ap-
proximately 7.6 mm from the transducer surface. At this levitation height, the acoustic radiation
force provided an axial force to counteract gravity and a lateral restoring force to prevent the object
of falling laterally. It was also observed in the experiments that the levitation height can be slightly
altered by changing the transducer velocity amplitude. However, there are some levitation heights
in which the curve of Fig. 6(b) presents a positive slope for Ax = 0. In these cases, we have unstable
equilibrium states and the horizontal acoustic radiation force is unable to provide a lateral restoring
force to the object.

In the levitation experiments of Fig. 7, it was possible to suspend the objects in air for few min-
utes. In principle, the objects could be levitated for longer times, but the experiment was stopped
after few minutes in order to avoid transducer overheating. As a future work, the numerical models
presented in this paper should be applied to optimize the acoustic levitation of large objects in air.

Figure 7: Acoustic levitation of objects larger than the acoustic wavelength in air: (a) Levitation of an ex-
panded polystyrene sphere of 50 mm in diameter by three ultrasonic transducers of 25 kHz; (b) Levitation of
a slightly curved object by a single transducer operating at 24.57 kHz.

6. Conclusions

Two strategies to levitate objects larger than the acoustic wavelength were presented together
with their theoretical explanation. In the first strategy, three transducers arranged in a tripod con-
figuration were used to provide both axial and lateral levitation stability to a large sphere. In the
second strategy, a 50-mm-diameter transducer operating at 24.57 kHz was used to levitate an object
having a slightly convex surface in air. The standing wave generated between the transducer and the
levitated object was capable of providing both axial and lateral stability. In addition, axisymmetric
and three-dimensional numerical models were employed to calculate the acoustic radiation force
that acts on the levitated objects. The axial acoustic radiation force that acts on the large sphere was
also measured by an electronic scale, showing good agreement with the numerical results. We be-
lieve that the levitation strategies presented in this paper can be extended to other large objects hav-
ing different shapes and size.
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