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Abstract

Acoustic levitation uses acoustic radiation forces to counteract gravity and suspend objects in mid-air. Although acoustic levitation
was first demonstrated almost a century ago, for a long time, it was limited to objects much smaller than the acoustic wavelength
levitating at fixed positions in space. Recent advances in acoustic levitation now allow not only suspending but also rotating and
translating objects in three dimensions. Acoustic levitation is also no longer restricted to small objects and can now be employed to
levitate objects larger than the acoustic wavelength. This article reviews the progress of acoustic levitation, focusing on the working
mechanism of different types of acoustic levitation devices developed to date. We start with a brief review of the theory. Then, we
review the acoustic levitation methods to suspend objects at fixed positions, followed by the techniques that allow the manipulation

of objects. Finally, we present a brief summary and offer some future perspectives for acoustic levitation.

Keywords Acoustics - Acoustic levitation - Acoustic radiation force

1 Introduction

Wingardium Leviosa! When pronouncing these words, in
combination with the swish and flick of a wand, characters
from the movie Harry Potter can levitate objects [1]. In con-
trast, scientists do not need a magic wand, since we can use a
variety of noncontact forces to counteract gravity and truly
suspend objects in mid-air. Distinct techniques are available
to levitate objects, including magnetic, electric, optical, aero-
dynamic, and acoustic levitation (a comprehensive review of
these methods is provided by Brandt [2]). In this review, we
focus on the acoustic levitation method, mainly because it has
the ability to levitate almost any kind of material, including
solids [3-5], liquids [6—8], and even small living animals [9,
10]. This versatility makes acoustic levitation a promising tool
in analytical chemistry [11, 12], material sciences [13], phar-
macy [14], microassembly [15], etc.

><J Marco A. B. Andrade
marcobrizzotti@ gmail.com

Institute of Physics, University of Sdo Paulo, Sdo Paulo 05508-090,
Brazil

Facultad de Ingenieria, Universidad de La Republica,
11200 Montevideo, Uruguay

3 Escola Politécnica, University of Sdo Paulo, Sdo Paulo 05508-030,
Brazil

@ Springer

For many years, acoustic levitation has been used mainly to
suspend small objects at fixed positions in space, but in recent
years, significant progress has been made and there are now
numerous acoustic levitation strategies to manipulate the levitat-
ed object in mid-air. The physical principle behind acoustic lev-
itation has been even extended to liquid media, where it has been
used to trap and to manipulate microparticles and cells in a water
medium (see review papers [16—19] for “levitation” in liquids).

This article reviews the acoustic levitation methods devel-
oped to levitate and to manipulate objects in mid-air. Our
focus is to explain the working principle of different types of
acoustic levitation devices. The potential applications of
acoustic levitation in the areas of analytical chemistry [11,
12], biophysics [20], and microassembly [15] have been
reviewed elsewhere and will not be covered here. We start this
article by presenting the theory behind acoustic levitation. In
Section 3, the acoustic levitation methods capable of levitating
objects at fixed positions in space are reviewed. The levitation
methods capable of manipulating the levitated objects are pre-
sented in Section 4. We conclude with a summary and discuss
future possibilities of acoustic levitation.

2 Theory

In this section, we present an overview of the theory behind
the acoustic levitation of objects in an ideal fluid. As we shall
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see, acoustic levitation uses acoustic radiation pressure to
counteract gravity and suspend matter in air. Acoustic radia-
tion pressure has been studied by a number of researchers
[21-26], and an in-depth coverage of this subject is beyond
the scope of this review. For now, we would like to emphasize
that although we can easily apply the expressions for the
acoustic radiation pressure to calculate the radiation force on
objects, the physics behind the radiation pressure is not so
simple as it first appears. This difficulty is nicely illustrated
by what Beyer once wrote: “It might be said that radiation
pressure is a phenomenon that the observer thinks he under-
stands—for short intervals, and only every now and then.”
[27]. Therefore, it is not our intent to discuss all the physics
behind the radiation pressure and the interested reader can
refer to review articles [27-31] and tutorial papers [32-34]
for further details.

We start this section by presenting the governing equations
of fluid motion, followed by a derivation of the linear wave
equation. The governing equations are then combined to ob-
tain the acoustic radiation pressure, and a simple analytical
expression for the acoustic radiation force acting on a small
sphere is presented. This expression is used to obtain the ra-
diation force acting on a small rigid sphere in a plane acoustic
standing wave field. In addition, a numerical procedure to
obtain the acoustic radiation force on levitating objects is pre-
sented. To simplify the analysis, we assume an inviscid fluid
and nonlinear effects such as acoustic streaming [35-37] and
harmonic generation [38] are not considered. We also neglect
the acoustic interaction forces [39, 40] caused by the wave
scattering from other objects.

2.1 Governing Equations of Fluid Motion

The motion of a fluid element of infinitesimal volume (dV),
containing a large number of molecules, such that it can be
considered as a continuous medium, can be described in terms
of its velocity vector (u), density (p), and pressure (p). These
fields can vary in space and time and are consequently func-
tions of position (r) and time (£). To describe the fluid motion,
we adopt a Cartesian coordinate system in which the position
vector r = xi + yj' + zKk is written in terms of the Cartesian
unit vectors i, j- and k. To simplify the analysis, we assume
that the fluid is inviscid and nonheat-conductive. In this case,
three equations are required to describe the fluid motion: equa-
tion of continuity, equation of conservation of momentum,
and equation of state of the fluid. Deriving these equations is
beyond the scope of this paper, and the detailed derivation and
discussion can be found in numerous textbooks [41-43]. The
first equation, related with the conservation of mass, is the
equation of continuity, given by

op

5—’— V-(pu) =0. (1)

The second equation is the equation of conservation of
momentum. Neglecting the gravitational field and considering
an inviscid fluid, the equation of conservation of momentum
can be expressed by

0 [2‘; 4 (u-V)u} =-Vp. (2)

This equation is also called Euler’s equation. Finally, we
also need the equation of state of the fluid that relates the
fluid density with the pressure. The equation of state of the
fluid provides a macroscopic description of the interaction
between the molecules of a fluid. In the simplest case of a
rarefied gas at high temperatures, the interaction forces
between molecules can be neglected and the gas can be
described by the ideal gas law. However, when the pressure
increases, the equation of state of the fluid becomes more
complex and can be described by

r=p(p) 3)

which expresses the pressure in terms of the fluid density.

2.2 Linear Wave Equation

The set of Egs. (1)—(3) can be combined to describe the prop-
agation of mechanical waves in fluids. However, these equa-
tions are nonlinear and finding an analytical solution to these
equations is not an easy task, even in the simplest cases.
Fortunately, we can simplify Egs. (1)—(3) by assuming that
the mechanical waves have small amplitudes.

To describe the propagation of mechanical waves of small
amplitudes in a fluid medium, let us consider that in the ab-
sence of the wave, the fluid is at rest (u = 0) and has constant
pressure (pg) and constant density (pg). Let us also assume that
when a wave propagates in the fluid, the fields p, u, and p
present small variations in relation to the unperturbed fluid. In
this case, we can express the total fields (p, u, and p) as a sum
of the unperturbed fields (py, uy, and py) and the first-order
perturbation fields (py, u;, and p,), as follows:

P =Dpo+D (4a)
u=uy+u =u, (4b)
pP=potpr (4c)

In Egs. (4a)—(4c), subscript 0 refers to the unperturbed
fields and subscript 1 is used for the first-order approxima-
tions. Here, the unperturbed fluid is assumed to be at rest, such
that the unperturbed velocity (uy) is equal to zero. In addition,
when dealing with waves of small amplitudes, we can also
consider that |p;| < <pg and |p;| < < po. By using these ap-
proximations and replacing Eqgs. (4b) and (4¢) in Eq. (1), we
obtain the linearized continuity equation
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BV (pgm) =0 (5)
t

Similarly, the linearized momentum equation can be obtain-
ed by assuming that |(u - V)u| < <|0u/0f. Therefore, replacing
Egs. (4a)—(4c) in Eq. (2) and neglecting the term (u- V)u, we
obtain

Gul
—=-V
Po ot P (6)

which is the linearized momentum equation for an ideal fluid.
This equation is also called the linear Euler’s equation. Finally,

the linear form of the equation of state of the fluid can be
obtained by expanding Eq. (3) in Taylor’s series

p
p=po+ (—) (p=po) + ... (7)
ap Po
By rearranging the terms of Eq. (7), we obtain
a\ (pp
P~Po = Po <6) (oro) (8)
p Po

which can be expressed by

6p> p_ B
rn=ml=) —=—»r 9
: °<8p WPo Po ©)

where

op
B = sl
Po (6/)) "

is the adiabatic bulk modulus of the fluid. In Eq. (9), we can
also replace B/p, by c2, where ¢, is the isentropic speed of
sound in the fluid. Therefore, we can finally write the equation
of state of the fluid in the linearized form as

(10)

(11)

The linearized Egs. (5), (6), and (11) can be combined to
obtain the linear wave equation. First, we replace Eq. (11) in
Eq. (5) and then derive the resulting equation in respect to ¢,
resulting in

)4 :Cépl'

1 6°p, ouy
it <8 S v — ) =0. 12
2 o * <p 0 o ) (12)
Finally, replacing Eq. (6) in Eq. (12), yields
1 &%p
Vi =t 13
P1 C% 51‘2 ’ ( )

which is the linear wave equation. From this equation, it be-
comes evident that ¢, introduced earlier, corresponds to the
speed of sound in the fluid medium. Equation (13) can be
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solved to obtain the acoustic pressure (p;) in space as a func-
tion of time. From the acoustic pressure (p), the velocity field
(uy) and the density field (p;) can be easily found by using
Egs. (6) and (11), respectively.

It is also worth mentioning that the particle velocity (uy),
associated with a sound wave in an inviscid fluid, is irrotation-
al, which means it can be expressed as a gradient of a scalar
function (¢)

u; = Vo,. (14)

The scalar function (¢,) is called the velocity potential, and
it can be demonstrated [42] that it is also a solution of the wave
equation, given by

1 &%,

Ve, =21
g c or

(15)

In many situations, it is useful to solve Eq. (15) to find the
velocity potential and then calculate the acoustic pressure and
the velocity fields from the velocity potential. Knowing the
potential ¢1, the velocity field (u;) can be calculated by using
Eq. (14) and the acoustic pressure (p;) can be determined by
replacing Eq. (14) into Eq. (6), resulting in

T
1 Oat

(16)

Many acoustic problems involve the propagation of time-
harmonic fields. The mathematical treatment of time-
harmonic acoustic waves can be simplified by adopting com-
plex numbers. In this case, the velocity potential can be de-
scribed by

$1(r,1) = ¢y (r)e ™. (17)

where 7 is the imaginary unit and w =27f'is the angular fre-
quency, with fbeing the frequency. The advantage of adopting
complex numbers is that we can easily obtain the amplitudes
and phases of the fields p;, u;, and p; by taking the moduli and
the arguments of the corresponding complex fields. In addi-
tion, the real physical solution can be easily determined by
taking the real part of the complex fields.

Replacing Eq. (17) in Eq. (15) yields the time-independent
form of the wave equation, expressed as

V2gy + K¢y = 0. (18)

This is the Helmholtz equation, where k = z/cy = 27/ is the
wavenumber and ) is the wavelength.

2.3 Acoustic Radiation Pressure

Many acoustical problems can be accurately described by the
linear wave equation. However, the first-order approximation
described in Section 2.2 is not capable of predicting an
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important nonlinear phenomenon in acoustics: the acoustic
radiation pressure [27]. In order to describe the radiation pres-
sure, we must include second-order effects in our analysis. In
the second-order approximation, the fields p, u, and p are
described by

p=ro+p+p (192)
u=u; +u (19b)
p=po+pi+pr (19¢)

Replacing Egs. (192)—(19¢) in Eq. (2) and keeping only the
second order terms, we obtain

Vs =0 o2y oy V. (20)

Although p, varies with time, most applications involving
acoustic radiation pressure use high-frequency time-harmonic
fields, whose observable effects occur in a much slower time
scale. Consequently, we can simplify the mathematical treat-
ment by calculating the time-averaged value of p, over a large
number of cycles. Therefore, by time-averaging Eq. (20), we
find

702 = oo )0 Byl ) 21)

where the angle brackets () represent the time average. As
discussed by Bruus [44], the second-order velocity (u,) is
periodic for a time-harmonic field, and its decomposition in
Fourier series results in a sum of sinusoidal waves and a con-
stant. The time average of these sinusoidal waves and the time
derivative of the constant are both zero. Therefore, the first
term on the right-hand side of Eq. (21) is also zero, resulting in

Vi) = (5 )l 22)

Finally, by combining Egs. (6), (11), and (22) and using V
(pf) = 2p, Vp, and Wuy - uy) =2(u; - V)u,, we obtain

5o ()

23
2POC () 23)

Pz

which is the time-averaged acoustic radiation pressure.
Although the radiation pressure (p,) is a nonlinear phenome-
non, it can be calculated from the linear fields p; and u;. From
the acoustic radiation pressure, given by Eq. (23), the acoustic
radiation force (F,,q) acting on a rigid object of arbitrary shape
and size is calculated by

Fraa = 5, (p,)ndS. (24)

The problem of determining the acoustic radiation force on
arigid object is illustrated in Fig. 1a. In this figure, an incident

acoustic field represented by the acoustic pressure (p¥ ) and
the particle velocity (uf’ ) is scattered by the object. The
scattered wave is represented by the fields pi® and uj°. The
superposition of the incident and scattered waves results in the
total fields p, = p’ + pi° and u; = u¥" + ui°. From the total
fields, the time- averaged acoustic radiation pressure is calcu-
lated by Eq. (23) and the acoustic radiation force that acts on
the object is obtained from Eq. (24). In Eq. (24), n represents
the surface normal vector and the integral is evaluated over the
surface of the object, represented by Sy in Fig. 1a.

Equation (24) is useful to obtain the acoustic radiation force
acting on a rigid object in a fixed position in space [45, 46].
However, for compressible objects, the object surface can
move in the presence of an acoustic field. In this case, the
acoustic radiation force (F,q) acting on the object can be
determined by [24, 34]

(a) \
Py

scattered wave

incident wave
in in

Py
(b) scattered wave
} plxc > ul

incident wave
in in
JZRRL
Fig. 1 Two approaches to calculate the acoustic radiation force (Fy,q)
acting on an object in an acoustic field. In the first approach, illustrated
in a, the radiation pressure is integrated over the object surface, while in b,
the integration is performed in a closed surface Sy encompassing the
object. In a, the acoustic radiation force is calculated through Eq. (24),
and in b, the radiation force is given by Eq. (25)
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Fraa = —ISO <p2>ndS—I50p0<(n-u1)ul)dS. (25)

In Eq. (25), the integral is evaluated in a closed surface Sy
encompassing the object. This approach of determining the
acoustic radiation force on an object is illustrated in Fig. 1b.
This second approach is particularly useful for computing the
radiation force on compressible objects immersed in a liquid
medium. For most solid objects in air, there is a significant
difference between the air density and the object density, such
that the object can be considered as a rigid material. In this
case, both approaches can be applied to obtain F,,q.

2.4 Acoustic Radiation Force on a Small Sphere in an
Arbitrary Acoustic Field

A very useful expression to obtain the acoustic radiation force
that acts on a small sphere in an arbitrary acoustic field was
derived by Gor’kov [25]. The original paper in Russian and its
translation to English [25] is very succinct, and the step-by-
step derivation of the Gor’kov expression can be found else-
where [34, 47]. In his derivation, Gor’kov assumed that a
sphere of radius (R) much smaller than the acoustic wave-
length () is immersed in an acoustic field in an ideal fluid.
The radiation force (F,,q) acting on the small sphere is
expressed in terms of the potential of the acoustic radiation
force (U), given by [25]

U27rR3[ Jy < ﬁ")2>—f2%<u’i"-u’i">} (26)

3p0cs

where p|" and u!" are, respectively, the first-order incident
acoustic pressure and particle velocity at the sphere position.
Equation (26) is the famous Gor’kov expression, which has
been widely used to obtain the radiation force acting on levi-
tating particles in air [4, 48—53] as well as in microparticles in
liquid media [17, 19]. Factors f; and f> depend on the mechan-
ical properties of the sphere and the fluid medium and are
calculated through the expressions

2
fi=1-5% (27)
PpCp
Pp~Po
fr=2=—". 28
=255, (28)

In Eqgs. (27) and (28), p, and ¢, are the sphere density
and speed of sound in the sphere, respectively. In most
acoustic levitation experiments in air, we can assume that
the sphere density is much larger than the air density, lead-
ing to f; =f,=1. From the potential (U) (also called the
Gor’kov potential), the acoustic radiation force on the
small sphere is calculated through

Fraa = ~VU. (29)

@ Springer

The main advantage of using the Gor’kov expression is
that the acoustic radiation force is entirely calculated by con-
sidering only the incident fields p¥" and u? at the position of
the sphere.

2.5 Acoustic Radiation Force on a Small Rigid Sphere
in a Plane Standing Wave Field

In this section, we apply the Gor’kov expression to obtain
the acoustic radiation force on a small rigid sphere in a
plane standing wave field. As we shall see in Section 3.1,
a typical configuration of an acoustic levitation device con-
sists of an ultrasonic transducer and a reflecting surface in
which an acoustic standing wave field is established be-
tween them. Due to the action of the acoustic radiation
force, a small object can be levitated around the pressure
nodes of the standing wave. In order to calculate the acous-
tic radiation force that acts on a small rigid sphere, we
simplify the problem by assuming a plane standing wave
field between the transducer and the reflecting surface, as
illustrated in Fig. 2. Although this assumption is not real-
istic in most levitation devices, it allows deriving a simple
analytical expression for the acoustic radiation force that
acts on the levitated object.

In order to apply the Gor’kov expression to calculate the
acoustic radiation force on a rigid spherical particle of radius
R << )\, we must find the first-order acoustic pressure and the
particle velocity distributions between the transducer and the
reflector. In an acoustic standing wave, the incident first-order
acoustic pressure (p{" ) can be described by

P = pycos(wt)cos(kz) (30)

where p, is the acoustic pressure amplitude. The acoustic
pressure (p}" ) given by Eq. (30) is the solution of the linear
wave Eq. (13), with k= w/c,. By replacing Eq. (30) in Eq. (6),
we find the particle velocity (u¥’

ul = P0_gin(wi)sin(kz)k. (31)
Poco
From the first-order fields p¥ and u¥’, given by Egs. (30)
and (31), respectively, we can take the following time aver-
ages:

. 1 2
<(p’1")2> = ?I?Tpf)cosz (wt)cos? (kz)dt = %cosz(kz) (32)

i in Uit po \ . .
(uj"uj") = TL (?20) sin? (wt)sin® (kz)dt

_1 <p—0>2sin2(kz). (33)

2 \ poco
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Fig.2 Acoustic levitation of a small rigid sphere at the pressure node of a
plane standing wave established between a transducer and a reflector

By replacing Egs. (32) and (33) in Eq. (26) and considering
fi=/=1, we obtain the potential of the acoustic radiation
force on a small rigid sphere of radius R, given by

U— PAmR® [cos?(kz)  sin’ (kz)

34
PoCo 3 2 4
Finally, the acoustic radiation force on the sphere is
5 R3 2 R
Fraa = kaosin(Zkz)k. (35)
600¢o

The radiation force given by Eq. (35) is identical to that
obtained by King in 1934 [23]. Equations (34) and (35) show
that the acoustic radiation force that acts on a small rigid
sphere in an acoustic standing wave field points towards the
pressure nodes of the standing wave field. Figure 3 shows the
comparison between the incident acoustic pressure, particle
velocity, potential (U), and the radiation force (F,q). In the
absence of gravity, the sphere should levitate at the positions
where the acoustic pressure is zero, i.e., at 7, = (A2 + V4),
with n=0, 1, 2,.... However, due to the action of the gravity
acceleration (g), the equilibrium is reached when the object
levitates slightly below the acoustic pressure node, at a dis-
tance Az from the node (see Fig. 2).

In the presence of gravity, the small sphere experiences not
only the radiation force but also a gravity force (F,) given by

F, = -mgk (36)

where g is the acceleration of gravity and m is the sphere mass.
Now, we can combine Egs. (35) and (36) to find the minimum

Fig. 3 Acoustic pressure and particle velocity distributions of a plane
standing wave and its corresponding potential and radiation force on a
small sphere. a First-order acoustic pressure. b Particle velocity in the z
direction. ¢ Potential of the radiation force. d Acoustic radiation force that
acts on the sphere. (Reproduced with permission from [54])

required acoustic pressure amplitude (pJ™™ ) to levitate the
sphere. By considering that levitation is possible when the
maximum value of F,,q is higher than the gravity force, we
obtain

pmin: 6,oocémg: Spoppc(z)g (37)
0 5TRk 5k

which is the minimum acoustic pressure amplitude required to
levitate a sphere of density (p,). Note that both the gravita-
tional force and the radiation force scale with R and, conse-
quently, the minimum acoustic pressure are independent of the
sphere radius (provided that the sphere radius is much smaller
than the acoustic wavelength).

Considering a hypothetical standing wave acoustic
levitator operating at a frequency of 20 kHz in air (co=
343 m/s and py = 1.2 kg/m?), the minimum acoustic pressure
amplitude required to levitate a small sphere of density p, =
1000 kg/m® in the Earth’s environment (g = 9.8 m/s) is, ac-
cording to Eq. (37), pi"=2460 Pa.

In the neighborhood of a pressure node, the acoustic radi-
ation force acting on the levitated object is proportional to its
displacement from the node. In this case, the acoustic radiation
force can be approximated by the restoring force of a spring
[52]. Therefore, for small displacements from the pressure
nodes, the radiation force can be described by

Fraa = K(z-z,)k (38)

@ Springer



196

Braz J Phys (2018) 48:190-213

where z is the sphere vertical position, z,, is the position
of the nth pressure node, and K is the elastic constant,
given by

AU 57Rk*p}

K = =—
dz’ 3poch

(39)

This result shows that the radiation force acting on a sphere
in the neighborhood of a pressure node can be treated as a
fictitious spring where the elastic constant (K) is proportional
to the square of the acoustic pressure amplitude. Therefore,
differently from a real spring where the elastic constant cannot
be altered, we can control the elastic constant of our fictitious
acoustic spring just by changing the pressure amplitude of the
standing wave.

The analogy between the radiation force and the restoring
force of a spring can also be used to calculate the distance
between the sphere levitation position and the pressure node
position, which is denoted by Az =z, — z in Fig. 2. Therefore,
by combining Egs. (36), (38), and (39), we find

2
Az M8 _ A00npced

40
K Skzp% (40)

which is valid for small displacements in relation to the pres-
sure node.

When a levitating object is perturbed by an external force,
it oscillates around the pressure node. Neglecting damping,
this motion can be described by a simple harmonic oscillator,
in which the natural angular frequency (£2) of the sphere os-
cillation can be calculated by

(41)
4p0pp6%

which shows that the frequency of the sphere oscillation is
proportional to the acoustic pressure amplitude. As an ex-
ample, Fig. 4 shows the damped oscillatory motion of a 3-
mm polypropylene sphere in a single-axis acoustic levita-
tion device formed by a 20.3 kHz ultrasonic transducer and
a concave reflector [55]. With the transducer switched off,
the sphere was placed on the reflector and a high-speed
camera was used to record the vertical oscillatory motion
of the sphere immediately after the transducer was
switched on. Figure 4 shows that after the transducer is
turned on, the sphere oscillates at a frequency of 31 Hz
around the pressure node. As described in ref. [55], the
frequency of the sphere oscillation can be controlled by
altering the pressure amplitude in the acoustic cavity. It is
also possible to use the oscillatory behavior of the levitat-
ing object to determine the density of different materials,
including liquids and solids [56].

@ Springer

2.6 Numerical Determination of the Acoustic
Radiation Force

Analytical expressions for the acoustic radiation force are only
available for problems with simple geometry, such as a sphere
in traveling [57] and standing [58] wave fields, a small sphere
in a rectangular, cylindrical and spherical cavities [52], and a
sphere in the presence of Bessel [59], focused [60], and vortex
[61] beams. However, most levitation devices have complex
geometry and the numerical determination of the acoustic ra-
diation force becomes necessary.

Different numerical methods have been applied to calculate
the acoustic radiation force on particles and objects, such as
the lattice Boltzmann method (LBM) [62, 63], finite-
difference time-domain (FDTD) [64], boundary element
method (BEM) [4], computational fluid dynamics (CFD) sim-
ulations [65-67], and the finite element method (FEM) [46,
50, 68, 69].

A usual approach to obtain the radiation force on objects
much smaller than the acoustic wavelength consists in using a
numerical method to obtain the incident first-order pressure
and particle velocity distributions in the fluid medium and
then apply the Gor’kov expression [25] to calculate the poten-
tial of the radiation force. This strategy has been adopted by
numerous researchers [4, 48-50, 53, 70]. The main advantage
of this strategy is that the pressure and velocity fields are
simulated without the presence of the object. Another numer-
ical approach, valid for objects of arbitrary shape and size,
consists in simulating the first-order pressure and velocity
fields around the object and then apply Eq. (24) or (25) to
obtain the radiation force on the object. This second strategy
has been applied in refs. [5, 46, 65, 68, 71, 72].

In this section, the two approaches above are illustrated by
applying the finite element method to calculate the acoustic
radiation force that acts on a rigid sphere in an acoustic levi-
tation device. The levitation device is composed of a circular
ultrasonic transducer (radius of 10 mm) and a plane reflector
(radius of 19 mm), which are separated by a distance (H). It is
assumed that the transducer surface vibrates harmonically at a
frequency of 25.25 kHz with a velocity amplitude (u() of 1 m/
s. The air medium is modeled by assuming ¢y =343 m/s and
po=1.2 kg/m’. The two axisymmetric models are illustrated
in Fig. 5, and they are implemented in the software COMSOL
Multiphysics. To avoid wave reflections at the edges of the air
domain, perfectly matched layers (PMLs) are employed.

Before determining the acoustic radiation force on the
sphere, the numerical model of Fig. 5a is applied to obtain
the acoustic radiation force on the reflector as a function of
H. This numerical procedure is presented in Section 2.6.1 and
is used to find the resonances of the acoustic cavity. In
Section 2.6.2, the acoustic radiation force that acts on a small
rigid sphere is determined numerically by using the model of
Fig. 5a. Finally, Section 2.6.3 shows how the numerical model
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Fig. 4 The top figure shows the
oscillatory behavior of a 3-mm
polypropylene sphere in a

20.3 kHz single-axis acoustic
levitator. The sequence of frames
was obtained by a high-speed
camera recording at 500 fps

immediately after the levitator
was switched on. The bottom left
figure shows the sphere at its
equilibrium position, and the

bottom right figure shows the
sphere vertical position as a

function of time. (Reprinted from
[55], with the permission of AIP
Publishing)

of Fig. 5b can be applied to find the acoustic radiation force
acting on an object of arbitrary shape and size.

2.6.1 Acoustic Radiation Force on the Reflector

The levitation device to be simulated is a resonant device, and
consequently, the distance (H) should be adjusted to a reso-
nant state. For a plane standing wave, the resonances occur
when H is set to a multiple of a half wavelength. However, as
pointed out by Xie and Wei [4], the assumption of a plane
wave is not totally valid for a practical levitator, and the res-
onances occur when H is slightly higher than a multiple of a
half wavelength.

In order to find the optimal values of H, the acoustic radi-
ation force exerted on the reflector is calculated as a function
of H. To calculate the radiation force, the model of Fig. 5a is
applied to obtain the acoustic pressure (p;) and the particle
velocity (u;) in the air domain. These fields are replaced in
Eq. (23) to find the acoustic radiation pressure on the reflector,
and the radiation pressure is integrated over the reflector sur-
face to find the acoustic radiation force. This procedure was
adopted by Hong and coauthors [68], who showed that the
radiation force on the reflector presents a substantial increase
at the resonant states of the acoustic cavity. The acoustic radi-
ation force on the reflector as a function of H is presented in
Fig. 6. According to Fig. 6, the first resonant state occurs for
H,=7.45 mm (H; =0.548)). The high-order resonances oc-
cur at H,=14.60 mm (H,=1.075)\), H3=21.55 mm (H; =
1.586)), and H;=28.35 mm (H,;=2.087)\). It can also be
observed in Fig. 6 that for small values of H, a high acoustic
radiation force on the reflector can be achieved. This region

X [mm]

0.2 0.4 0.6 0.8
Time [s]

very close to the transducer surface is referred to as a near-
field region, and we shall see in Section 3.2 that this force can
be used to levitate planar objects above the transducer surface.

2.6.2 Acoustic Radiation Force on a Small Rigid Sphere

After finding the resonances of the acoustic cavity, we can
apply the model of Fig. 5a to obtain the acoustic radiation
force that acts on a small sphere in an acoustic levitation de-
vice. This model is based on the Gor’kov expression, and the
potential of the radiation force is calculated from the incident
acoustic pressure and velocity fields. Consequently, an acous-
tic simulation without the presence of the sphere is performed
to obtain the fields p?* and u’". These fields are replaced in
Eq. (26) to find the Gor’kov potential.

To illustrate this numerical procedure, the model of Fig. 5a
was used to calculate the incident fields p¥" and u?’, which are
shown in Fig. 7a, b, respectively. These fields were obtained
for the third resonance (H3 = 21.55 mm) of the acoustic cavity
and were replaced in Eq. (26) to obtain the potential of the
acoustic radiation force that acts on a rigid (f; =f; = 1) sphere
of radius R = 1.5 mm. The potential is shown in Fig. 7c, and
the symbols “+” indicate the positions of minimum potential.
In the absence of gravity, small spheres are acoustically
trapped at the positions of minimum potential of the radiation
force, and in the Earth’s environment, the spheres levitate
slightly below the trapping points indicated in Fig. 7c. In
any case, the trapping positions in a gravitational field can
be easily found by summing the Gor’kov potential and the
gravitational potential [73].

@ Springer



198

Braz J Phys (2018) 48:190-213

Fig. 5 Axisymmetric models used to calculate the acoustic radiation
force on a sphere in an acoustic levitation device. a Model based on the
Gor’kov expression. b Model based on Eq. (25)

The potential of the radiation force along the z-axis of
Fig. 7c is shown in Fig. 8a. From this potential, the vertical
acoustic radiation force (F,) is calculated by

-
(8

10

L

0 10 20 30
H [mm]

Acoustic radiation force [mN]

Fig. 6 Simulated acoustic radiation force on the reflector of a levitation
device formed by a 25.25 kHz ultrasonic transducer and a plane reflector
as a function of H. The radiation force was simulated by using the
numerical model of Fig. 5a
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Fig. 7 Simulated fields obtained with the numerical model of Fig. 5a for
H=21.55 mm. The transducer surface vibrates harmonically at
25.25 kHz with a velocity amplitude of 1 m/s. a Pressure amplitude. b
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The vertical acoustic radiation force along the z-axis acting
on arigid sphere of radius R = 1.5 mm is shown in Fig. 8b. By
comparing Fig. 8a and (b), we can observe that the acoustic
radiation force is zero at the positions of the minimum
Gor’kov potential. We can also observe that the force curve
of Fig. 8b presents a negative slope at these positions, and for
small displacements in respect to the equilibrium position, it
can be approximated by a restoring force of a spring.

The comparison between the Gor’kov potential and the
levitation positions of small spheres in a single-axis acoustic
levitator formed by a 25.25 kHz ultrasonic transducer and a
plane reflector is shown in Fig. 9. Figure 9a, b was obtained
for the first resonant state of the acoustic cavity (H; =
7.45 mm), and Fig. 9c and (d) was obtained for H3 =
21.55 mm. Figure 9 shows there is a good agreement between
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Fig. 8 Gor’kov potential and vertical acoustic radiation force along the z-
axis of Fig. 7. a Potential of the acoustic radiation force. b Vertical force
acting on a rigid sphere of radius R = 1.5 mm

the positions of the minimum Gor’kov potential and the lev-
itation positions obtained experimentally. In Fig. 9¢, d, the
upper levitation position is not aligned with the z-axis, mean-
ing that this minimum potential corresponds to a ring-shaped
potential well.

In Section 2.5, an analytical expression for the acoustic
radiation force that acts on a small rigid sphere in a plane
standing wave field, which was useful to calculate the vertical
force on a sphere in an acoustic levitation device, was derived.
However, a plane wave only provides an axial force to the
sphere and a successful levitation requires not only an axial
force but also a lateral restoring force to prevent the object
from escaping laterally. As discussed by Barmatz and Collas
[52], a useful strategy to evaluate the degree of stability of a
potential well is to calculate its elastic constants in the vertical
and horizontal directions, given by

d’U
U
K, = o2 (44)

where K. is the elastic constant in the vertical direction and K,
is the elastic constant in the radial direction. By analyzing the
shape of the potential wells of Fig. 9c, we can conclude that
the two bottom potential wells present vertical and horizontal

stability. In the case of the top potential well, there is vertical
and radial stability, but the object is free to move along the
azimuthal direction, since the elastic constant along the azi-
muthal direction is zero.

2.6.3 Acoustic Radiation Force on an Object of Arbitrary
Shape and Size

The acoustic radiation force obtained with the numerical mod-
el of Fig. 5a is valid when the sphere radius is much smaller
than the acoustic wavelength. For larger spheres, the acoustic
radiation force can be determined by the model of Fig. 5b,
where the force is calculated by Eq. (25). The comparison
between the vertical force obtained by the two models is pre-
sented in Fig. 10. For a sphere of radius R=0.5 mm (R =
0.037)), the forces provided by both models are very similar.
However, when the sphere radius increases to R=1.5 mm
(R=0.110)), the radiation force provided by the model based
on the Gor’kov expression differs from the model based on
Eq. (29).

Although the model of Fig. 5b was applied to obtain the
force on a rigid sphere, it is not restricted to spheres and can be
applied to obtain the acoustic radiation force on objects of
arbitrary shape and size [46]. In addition, the method can be
easily extended to obtain not only the force but also the radi-
ation torque that acts on an object [74].

3 Static Acoustic Levitation Methods

In this section, the acoustic levitation methods capable of lev-
itating objects at fixed positions in space are reviewed. The
levitation methods capable of manipulating objects are pre-
sented in Section 4.

Until recently, acoustic levitation has been classified in
only two types: standing wave acoustic levitation and near-
field levitation [15]. However, due to the recent advance in
acoustic levitation, we now can extend this classification to
five types, which are summarized in Fig. 11.

Figure 11a illustrates the well-known standing wave acous-
tic levitation method. In this method, solid objects and liquid
drops of size much smaller than the acoustic wavelength are
suspended in the pressure nodes of the standing wave. This
method is discussed in detail in Section 3.1.

The second method, shown in Fig. 11b, is the near-field
acoustic levitation (also called the squeeze film levitation). In
this method, a large plane object levitates slightly above the
vibrating surface of a transducer. In general, the object levi-
tates at a height varying from tens to hundreds of micrometers
above the transducer surface. This method will be reviewed in
Section 3.2.

The third acoustic levitation method is illustrated in
Fig. 11c. This method is similar to the near-field levitation,

@ Springer



200

Braz J Phys (2018) 48:190-213
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but the plane object levitates below the transducer surface.
This method is not well known, and there is no specific name
to refer to this type of levitation. Due to its similarity to the
near-field levitation, we will refer to this technique as inverted
near-field levitation.

Figure 11d illustrates the acoustic levitation of a large ob-
ject at a distance of approximately a half wavelength from the
transducer surface. Contrary to the near-field levitation, in this
technique, a standing wave is formed between the transducer
and the object. In order to differentiate this method from the
near-field levitation, we will use the term far-field levitation to
refer to this method. The term far-field force was previously
adopted by Hong et al. [68], and it seems appropriate to dif-
ferentiate this method from the near-field levitation method.
The far-field acoustic levitation method is described in
Section 3.4.

The last acoustic levitation method uses a single beam
to levitate particles much smaller than the acoustic

4
4X 10
Model of Fig. 5(a)
== Model of Fig. 5(b): R = 0.5 mm
3 =—Model of Fig. 5(b): R = 1.5 mm| |
(Y)._|
e 2
pd
— 1
o
\N 0
L
-1

2 5 10 15 20
z [mm]
Fig. 10 Simulated vertical acoustic radiation force (F,) on a rigid sphere

using the numerical models of Fig. 5 for the third resonance of the
acoustic cavity (H; =21.55 mm)
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wavelength. This method, illustrated in Fig. 1le, is de-
scribed in Section 3.5.

3.1 Standing Wave Acoustic Levitation

The most common technique to acoustically suspend particles
in air is the standing wave levitation method. In this method,
solid objects and liquid drops much smaller than the acoustic
wavelength are suspended in the pressure nodes of a standing
wave field.

The first experimental observation of the trapping of small
particles at the pressure nodes of a standing wave was de-
scribed by August Kundt [75] in 1866. In his experiment,
known today as Kundt’s tube experiment, an acoustic standing
wave was generated inside a horizontal transparent tube by a
resonating rod at one end. At the other end, a movable rigid
piston was used to adjust the length. When generating an
acoustic standing wave in the tube, fine dust particles were
agglomerated at the pressure nodes. However, since the ag-
glomerated particles stayed in contact with the tube walls, we
cannot say that this was the first acoustic levitation experi-
ment, but the experiment demonstrated the acoustic radiation
force on small particles due to a standing wave field.

The first use of acoustic radiation force for levitation is
attributed to Biicks and Miiller [76] in 1933, when they re-
ported an experiment in which alcohol droplets were
suspended at the pressure nodes of a standing wave
established between a vibrating quartz rod and a reflector.
Since then, numerous acoustic levitation devices [4, 6, 13,
50, 70, 77-104] based on standing waves have been devel-
oped. In 1941, St. Clair [77] described an experiment in which
small objects such as a small coin and a lead shot were levi-
tated by a high-intensity standing wave field (a picture of the
levitating coin can be found in another paper of St. Clair [78]).
A few years later, Allen and Rudnick [79] used a powerful
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Fig. 11 Acoustic levitation
methods. a Standing wave
acoustic levitation. b Near-field
acoustic levitation. ¢ Inverted
near-field levitation. d Far-field
acoustic levitation. e Single-beam
levitation

high-frequency siren and a reflector to acoustically suspend
coins, small balls, and other small objects. In the following
decades, many other investigators developed standing wave
levitators with similar characteristics.

In the 1970s and 1980s, the development of new standing
wave devices [80, 81, 105, 106] was motivated by the possi-
bility of applying acoustic radiation force for the contactless
positioning of materials in microgravity, with many studies
[81, 85, 105-108] being conducted under NASA contracts.
In 1974, Taylor Wang and collaborators [80] described the
development of a rectangular acoustic chamber for position-
ing molten materials in space. The chamber, measuring
41in. x 4.5 in. X 5 in., was excited by three orthogonal speakers
operating at an audible frequency. In laboratory tests on Earth,
the device was able to levitate and to rotate an expanded poly-
styrene ball, soap bubbles, and water droplets. One decade
later, in 1985, Wang flew aboard the Challenger NASA
Space Shuttle (mission STS-51B) and used a similar acoustic
chamber to investigate the behavior of acoustically rotated
free drops in a microgravity environment [109]. The acoustic
chamber was used for positioning drops through the action of
the acoustic radiation force, and the drops were rotated by
using acoustic viscous torques [110].

Another researcher and astronaut who made numerous
contributions [35, 56, 85, 111, 112] to acoustic levitation
was Eugene Trinh. He flew aboard the Columbia Space
Shuttle in 1992 (mission STS-50) and conducted experiments
involving the rotation [113] and oscillation [114] of liquid
drops. These experiments were performed in the Drop
Physics Module (DPM), which basically consists of a rectan-
gular chamber with dimensions 127 mm x 127 mm x
152.4 mm excited by four speakers. Similar to the experiments
performed by Wang et al. [109], Trinh used standing waves
with the main purpose of centering the liquid drop at the center
of the chamber.

In parallel with the studies being funded by NASA in the
1970s and 1980s, the European Space Agency (ESA) has also
funded the development of acoustic positioning systems for
space applications [84]. These positioning devices initially
developed for space applications were later modified to allow
levitation of objects in terrestrial environments. The German
researcher Emst-Giienter Lierke [84, 90, 115, 116] played an
important role in this process. He developed a variety of
acoustic levitation devices to levitate solid objects and liquid

~
R o
\/
transducer |

drops. His studies in acoustic levitation resulted in commercial
acoustic levitators [90] that have been employed in a wide
range of experiments [12, 117, 118].

In the literature, two main types of standing wave levitators
can be found. The first type is called the single axis [4, 6, 13,
50, 70, 77, 78, 81-85, 90, 91, 93-102, 104], and it basically
consists of a transducer and a reflector (or two opposed trans-
ducers), in which a standing wave field is established between
them. The second type uses a closed resonant chamber [80,
105, 111, 119, 120] to produce a standing wave field in one of
the acoustic modes of the cavity.

Single-axis acoustic levitators can be formed by a single
transducer and a reflector [4, 50, 81, 82, 85], by two opposing
transducers [94] or by two opposing arrays of transducers
[104]. They can also be divided in resonant and nonresonant
devices. In a resonant device formed by one transducer and
one reflector, the separation distance between the transducer
and the reflector should be adjusted to one of the resonant
modes of the cavity. In the specific case of a plane standing
wave, the resonances occur when the distance between trans-
ducer and the reflector is set to a multiple of a half wavelength.
For the first resonance, illustrated in Figs. 9b and 11a, the
standing wave has only one pressure node and, consequently,
only one potential well is available for levitation. Yet, the
distance between the transducer and the reflector can also be
adjusted to a higher-order resonance, allowing the acoustic
levitation of multiple spheres at different pressure nodes, as
shown in Fig. 9d. Resonant single-axis levitators have been
applied to levitate solid materials [50, 70, 81, 96], liquid drops
[7, 112], pharmaceutical drugs [14], soap bubbles [121], and
even small living animals [9, 10]. One of the main advantages
of resonant levitators is that it can achieve high acoustic pres-
sure amplitudes, allowing the acoustic levitation of high-
density materials, such as liquid mercury or iridium [122].
As an example, Fig. 12 shows the acoustic levitation of small
living animals by a single-axis resonant acoustic levitator
formed by a 16.7 kHz transducer and a concave reflector.
This levitation experiment was performed by Xie and coau-
thors [9], who reported that the vitality of the ant and the
ladybug was not evidently influenced by the levitation. They
also reported that the vitality of the fish was reduced, but they
attributed this reduction to the inadequacy of water supply.

The most simple configuration for a single-axis acoustic
levitator consists of a plane transducer and plane reflector
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Fig. 12 Acoustic levitation of
small living animals by a resonant
single-axis device formed by a
16.7 kHz circular transducer with
a radiating face of 25 mm in
diameter and a concave reflector
with a diameter of 40 mm and
curvature radius of 40 mm. a, b A
living ant. ¢, d A ladybug. The
levitation of a small fish is shown
in e, f. (Reprinted from [9], with
the permission of AIP Publishing)

[77, 78, 81]. However, it has been found that the use of con-
cave surfaces allows to significantly increase the axial and
radial forces on the levitated objects [4, 50, 82, 84, 97].
Therefore, many single-axis levitators are formed by a plane
transducer and a concave reflector [70, 84, 90, 91, 98, 101] or
by both transducer and reflector having concave surfaces [49,
50, 82, 97, 123]. In addition to levitators employing concave
and flat surfaces, the use of reflectors with unusual character-
istics has also been reported in the literature [95, 102, 124].
For example, Melde et al. [102] designed the shape of a re-
flector using a holographic technique and used a 3D printer to
fabricate the reflector. When combining the designed reflector
with a 100 kHz ultrasonic transducer, they were able to levi-
tate two water drops at the same height, but separated by a
distance of 3 mm from the levitator main axis. Another type of
reflector with an unusual characteristic was described by
Hong and coauthors [95, 124], who used a liquid reflecting
surface instead of a traditional solid reflector. Some years later,
Foresti et al. [125] employed a similar type of reflector to
levitate and to transport high-density materials.

Single-axis acoustic levitators can also be nonresonant
and can be formed by one transducer and a reflector [83,
87, 100] or by two opposing emitters [ 104]. In contrast with
aresonant levitator, in which the standing wave is produced
by the superposition of the multiple reflected waves be-
tween the transducer and the reflector, in a nonresonant
levitator, the standing wave is basically formed by the su-
perposition of two counter-propagating waves (the emitted
and reflected wave, or the counter-propagating waves emit-
ted by two opposing emitters). The main advantage of the
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nonresonant levitators is that the separation distance be-
tween the transducer and the reflector (or the distance be-
tween transducers) can be freely adjusted. Figure 13 shows
the acoustic levitation of expanded polystyrene particles by
a nonresonant acoustic levitation device formed by a
23.7 kHz transducer with a radiating face of 10 mm in di-
ameter and a concave reflector of 40 mm diameter with a
curvature radius of 33 mm [100]. In this device, the trans-
ducer is kept at a fixed position and the reflector can be tilted
and translated vertically and horizontally. Although the
levitator geometry of Fig. 13 is similar to that of a resonant
levitator (e.g., Fig. 12), the transducer of Fig. 13 has a small
diameter in respect to the wavelength. The small transducer
diameter leads to two consequences. The first one is that the
transducer emits a nearly spherical wave. The second is that
high-order reflections are minimized since the wave energy
is almost completely dispersed into the surrounding medi-
um after the first reflection on the reflector surface. In these
conditions, we can assume that the standing wave is mainly
formed by the superposition of the emitted wave and the
first reflected wave.

Recently, Marzo and coauthors [104] presented a single-
axis nonresonant acoustic levitator, which was formed by two
concave arrays of 40 kHz small transducers. Their levitator is
low cost and simple to fabricate. The levitator uses inexpen-
sive 40 kHz transducers, the levitator mechanical parts can be
fabricated in a 3D printer, and the transducers are driven by an
electronic circuit consisting of an Arduino board and an H-
Bridge driver. The authors expect the new levitator will de-
mocratize access to acoustic levitation.
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Fig. 13 Acoustic levitation of expanded polystyrene particles by a
23.7 kHz nonresonant acoustic levitator. a, ¢, e Experimental. b, d, f
Simulated Gor’kov potential. (Reprinted from [100], with the
permission of AIP Publishing)

3.2 Near-Field Acoustic Levitation

In the standing wave acoustic levitation method, solid objects
and liquid drops relatively small in comparison with the
acoustic wavelength are suspended at the pressure nodes of
a standing wave field. In this levitation method, the maximum
weight of the levitated objects is on the order of few milli-
grams. Another acoustic levitation approach, capable of levi-
tating heavy planar objects, is the near-field acoustic levitation
[126-137], which is illustrated in Fig. 11b. In the near-field
levitation (also called the squeeze film levitation), a large pla-
nar object levitates slightly above the transducer surface, with
a thin air layer separating them. In contrast with a typical
single-axis levitator, where a standing wave is generated be-
tween a transducer and a reflector, in the near-field method,
the object itself acts as a reflector. In fact, if we analyze the
acoustic radiation force of Fig. 6, we can observe that the
acoustic radiation force that acts on the reflector presents a
substantial increase when the reflector approaches the trans-
ducer surface. Therefore, if the reflector is replaced by the
object, we can use the acoustic radiation force to levitate the
plane object above the transducer surface. It has already been

demonstrated that near-field acoustic levitation is capable of
levitating planar objects of several kilograms in weight at a
distance of tens to hundreds of micrometers above the trans-
ducer surface [131].

Near-field acoustic levitation can be achieved by using a
transducer whose surface vibrates uniformly in amplitude and
phase [126], but another common strategy is to employ a plate
vibrating in a flexural mode [127, 128, 130]. As we will see in
Section 4.2, metal plates vibrating in the flexural mode can be
used to levitate and to transport large planar objects.

Near-field acoustic levitation is usually employed to levi-
tate planar objects above a vibrating surface [126—134], but it
can also be applied to levitate nonplanar objects, such as
spheres [138], cylindrical shaped objects [139], and L-
shaped beams [135, 140]. It has also been demonstrated that
the principle behind near-field acoustic levitation can be ap-
plied to control the friction between a vibrating surface and
human fingertips [141, 142]. Many researchers [142—-144] ex-
pect this principle could be applied to touchscreens to give the
impression of touching different kinds of surfaces.

3.3 Inverted Near-Field Acoustic Levitation

In the near-field acoustic levitation, illustrated in Fig. 11b, the
transducer produces a repulsive acoustic radiation force on the
plane object, allowing its levitation slightly above the trans-
ducer surface. It has also been reported in the literature that, in
some conditions, the repulsive force can change from repul-
sive to attractive [129, 145]. In this case, the transducer radi-
ating face can be pointed downwards and a plane object can be
levitated slightly below the transducer radiating face
[146-149], as shown in Fig. 1lc. Similar to the near-field
levitation, a thin layer of air separates the object from the
transducer. As there is no established name for this type of
levitation, we will refer to this method as “inverted near-field
acoustic levitation.”

Figure 14 shows the acoustic levitation of a small disk
using the inverted near-field acoustic levitation method. In this
figure, Takasaki et al. [146] used a 21 kHz bolt-clamped
Langevin-type transducer to levitate a disk of 3 mm in diam-
eter and 0.5 mm in thickness slightly below the transducer
radiating face. As it can be observed in Fig. 14, there is a small
air gap between the transducer and the object.

At the moment, there is no established model to predict the
radiation force acting on the object when it levitates slightly
below the transducer surface, but the experimental results
from the literature [145, 149] suggest that a repulsive force
between the transducer and the object occurs when the trans-
ducer and the object have large diameters in respect to the
acoustic wavelength. The literature [146, 149] also suggests
that when the transducer and the object have small diameters
in comparison with the wavelength, the radiation force is at-
tractive. Therefore, we can expect there should be a specific
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Fig. 14 Acoustic levitation of a disk of 3 mm in diameter and 0.5 mm in
thickness slightly below an ultrasonic transducer operating at 21 kHz.
(Reprinted from [146], Copyright 2010, with the permission from
Elsevier)

diameter in respect to the wavelength where the force changes
from repulsive to attractive. It is also important to note that in
the inverted near-field acoustic levitation, the object does not
touch the transducer. This means that when the object is very
close to the transducer surface, the radiation force should be
repulsive, changing to attractive when it reaches a certain sep-
aration distance from the transducer surface.

By analyzing the experimental results of Ueha [145] and
assuming that the transducer and the object have the same
diameter, it seems that the change from attractive to repulsive
force occurs when the ratio between the transducer diameter
and the acoustic wavelength is approximately 0.75. Therefore,
in contrast with the near-field levitation, where larger planar
objects levitate above the transducer surface, in the inverted
near-field levitation, small planar objects can be levitated be-
low the transducer face.

3.4 Far-Field Acoustic Levitation

The far-field acoustic levitation method is illustrated in
Fig. 11d. This method can be used to levitate objects larger
than the acoustic wavelength, and it relies on producing an
acoustic standing wave between the object surface and one or
more transducers. As shown in Fig. 6, when the distance be-
tween the transducer and the object is set to a resonance state,
the acoustic radiation force on the object can be substantially
increased. This increase of the acoustic radiation force was
described by St. Clair in 1941, when he wrote: “The pressure
exerted against a metal plate or any other good reflector is
astonishing when it is held in such a position as to set up a
standing wave field between it and the vibrator.” [77]. Despite
this description, St Clair used his apparatus to levitate small
objects at the pressure nodes of the standing wave, as in
Fig. 11a, and there is no evidence that St. Clair used this force
to levitate objects larger than the acoustic wavelength.

In 1975, when describing a single-axis levitation device
formed by a 20 kHz transducer and a plane reflector,
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Whymark [81] briefly reported the levitation of a brass disk
of 50 mm in diameter by 0.5 mm in thickness. In one of his
experiments, the reflector of the levitation device was replaced
by the brass disk, which was successfully levitated at a dis-
tance of approximately half a wavelength from the transducer
surface. From the literature, this seems to be the first time an
object larger than the acoustic wavelength was levitated.

In 2011, Zhao and Wallaschek [150] used the same strategy
to levitate a compact disk (CD). In their experiment, a 19 kHz
Langevin-type transducer connected to a circular metal plate
of 120 mm in diameter produced an acoustic standing wave of
half a wavelength between the CD and the radiating metal
plate. However, their system produced only a vertical force
on the CD and the radial stability was achieved by using a
central pin in contact with the CD.

In order to solve the problem of horizontal stability,
Andrade et al. [5] employed three 25 kHz transducers in a
tripod arrangement to levitate an expanded polystyrene sphere
of 50 mm in diameter. In this configuration, shown in Fig. 15,
each transducer generates an acoustic standing wave between
the sphere and the transducer face, providing an axial radiation
force on the sphere. By combining three transducers in a tri-
pod configuration, vertical and horizontal stability can be
achieved, allowing the levitation of an object larger than the
acoustic wavelength.

Recently, the far-field acoustic levitation method was ap-
plied to levitate a large object consisting of a human figure
made of cardstock paper attached to a slightly curved sheet of
170 mm in length and 71 mm in width [151]. As illustrated in
Fig. 16, the object was levitated by a device formed by an
aluminum vibrating plate of 300 mm in length and two
25 kHz Langevin-type transducers, which were attached to
the ends of the aluminum plate. In this device, the transducers
generate a flexural standing wave along the plate. When the
curved object is placed at a distance corresponding to half a
wavelength from the aluminum plate, an acoustic standing
wave is established between the plate and the object, provid-
ing an acoustic radiation force capable of suspending the ob-
ject in air. It was also demonstrated numerically that the cur-
vature of the object is responsible for producing of a horizon-
tal radiation force, which provides horizontal stability to the
object.

3.5 Single-Beam Levitation

In the standing wave acoustic levitation method, at least two
opposing acoustic elements (i.e., two opposing transducers, or
a transducer and an opposing reflector) are required, meaning
that the particle should be confined between them. Recently, a
new acoustic levitation method, called the single-beam levita-
tion (also called the single-beam trapping), has been demon-
strated [53, 152—155]. In this method, small objects are
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10 mm

Fig. 15 Acoustic levitation of an expanded polystyrene sphere of 50 mm
in diameter using three 25 kHz ultrasonic transducers. (Reprinted from
[5], with the permission of AIP Publishing)

acoustically levitated by using a single-sided emitter, as illus-
trated in Fig. 11e.

The single-beam trapping was first demonstrated in liquid
medium when Lee et al. [152] used a 30 MHz focused trans-
ducer to trap a lipid droplet at the transducer’s focal point.
However, the acoustic trapping was only achieved in the trans-
verse direction and the axial particle motion was constrained
by a thin film. The simultaneous axial and transverse trapping
was demonstrated by Baresch et al. [153], who employed a
transducer array driven at 1.15 MHz to trap polystyrene beads
in water medium.

The first experimental demonstration of the single-beam
levitation in air was reported by Marzo et al. [53]. In their
study, they employed single-sided arrays of transducers to
acoustically levitate and to manipulate small objects. In one
of'the arrangements, shown in Fig. 17, they used an 8 x 8 array
of 40 kHz transducers of 10 mm in diameter. Using a custom-
made electronic board, they were able to control the phase of
each transducer independently. In order to find the optimal
phase delays for each transducer, they used an optimization
algorithm in such a way to produce maximum trapping forces

Fig. 16 Acoustic levitation of a slightly curved object by a levitation
device consisting of two 25 kHz transducers attached to an aluminum
plate of 300 mm in length. (Reprinted with permission from [151];
Copyright 2017, Acoustic Society of America)

in the desired location. Depending on the phase distribution,
they could generate three main types of acoustic traps: twin,
vortex [61], and bottle [72] traps. The acoustic radiation force
produced by vortex and bottle beams has been previously
investigated by other authors [61, 72], but this was the first
time these fields have been applied to levitate small objects in
air medium. In addition to the vortex and bottle beams, the
authors [53] introduced the twin beam, which was successful-
ly applied to generate twin traps and to levitate small particles
in mid-air. The twin beam is illustrated in Fig. 17a. The twin
beam is characterized by two nearly cylindrical regions of
high acoustic pressure amplitude around the object. The twin
beam produces an acoustic radiation force that moves the
object to the position of minimum acoustic pressure amplitude
(i.e., to the region located between the two nearly cylindrical
regions). According to the authors [53], the horizontal force
between the two cylindrical regions is caused by the pressure
amplitude gradient, while the forces in the other two axes are
attributed to the velocity gradient. In Fig. 17b, the same array
transducer was used to generate a vortex beam, which trans-
fers orbital angular momentum to the levitated object. The
same paper also demonstrated the acoustic manipulation of
the levitated object (Fig. 17¢), which will be covered in
Section 4.3.

The single-beam acoustic levitation demonstrated by
Marzo et al. [53] requires a complex electronic system to
excite each transducer independently, restricting its use to a
few research groups. A simplified version of the previous
single-beam device was presented shortly thereafter [154].
The new device employed a similar transducer array, but in-
stead of using a complex electronic system to generate the
phase delays, the authors used an Arduino board and acoustic
delay lines to generate the twin trap. The new single-beam
device is portable and can be assembled with components that
can be easily found by the general public. In addition, the
authors also provided all the steps to create the simplified
version of the single-beam acoustic levitation device [154].

In a recent study, Memoli et al. [155] used a collection of
metamaterial bricks in front of an 8 x 8§ array of 40 kHz trans-
ducers to shape the acoustic field. In this study, 16 types of
bricks, corresponding to phase delays varying from 0 to 157/8
in steps of 7/8, were manufactured using a 3D printer. In one
of the experiments, they arranged the material bricks to gen-
erate a bottle beam to levitate a polystyrene bead in mid-air
(Fig. 18b). Pictures of the metamaterial bricks and the mount-
ing frame structure are shown in Fig. 18a.

4 Acoustic Manipulation and Transport
of Levitated Objects

From the first acoustic levitation experiments reported in
1933 [76] to the beginning of this century, the progress of
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Fig. 17 Acoustic levitation of
small objects using the single-
beam acoustic levitation. The
acoustic beams are generated by
an 8 x 8 array of 40 kHz
ultrasonic transducers. The
colored circles represent the
transducers and their
corresponding phase delay. a
Acoustic pressure isosurfaces of a
twin beam. b Phase distribution
used to generate a vortex beam.
The vortex beam can transfer
orbital angular momentum to the
levitated object, thus inducing its
rotation. ¢ Acoustic levitation and
manipulation of the levitated
object. (Adapted from [53],
licensed under CC BY 4.0)

acoustic levitation was relatively slow. In this period,
acoustic levitation methods were almost limited to static
experiments, in which small objects and liquid drops
could be levitated at fixed positions in space. It is true
that in the first levitation devices, object manipulation
could be achieved by moving the whole assembly, but
this strategy has the inconvenience of requiring moving
parts. Although the first strategies to acoustically levitate
and to manipulate objects without moving parts were re-
ported three decades ago [111, 120], they had limited
manipulation capability, and it was only in the last years
that acoustic levitation devices capable of manipulating
objects in 3D have been developed.

Fig. 18 Single-beam acoustic levitation using a collection of
metamaterial bricks in front of an array of 40 kHz transducers. a
Mounting frame structure and a picture of the manufacture metamaterial
bricks. b Acoustic levitation of a polystyrene bead using an acoustic
bottle beam. (Adapted from [155], licensed under CC BY 4.0)
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Phase delay of the transducers: - to = I

This section describes how the standing wave, near-field,
and single-beam levitation methods can be extended to allow
the manipulation and the transport of levitated objects in air.

4.1 Manipulation by the Standing Wave Acoustic
Levitation Method

The first studies involving the acoustic manipulation of ob-
jects were driven by the possibility of performing the
contactless processing of materials in microgravity [106]. In
comparison with the Earth’s environment, the acoustic manip-
ulation inside a spacecraft requires acoustic forces consider-
ably smaller than the gravitational force. Therefore, it is not
surprising that the first acoustic manipulation studies were
conducted with the purpose of manipulating objects in a mi-
crogravity environment.

In 1975, Fletcher et al. [105] presented an acoustic method
for the contactless manipulation of objects inside a resonant
rectangular chamber. Similar to the resonant chamber devel-
oped by Wang et al. [80], an acoustic standing wave is gener-
ated by three orthogonal speakers. The chamber has one mov-
able wall, and the pressure node is located at the center of the
chamber, as shown in Fig. 19. As the acoustic radiation force
keeps the object at the pressure node, the contactless manipu-
lation can be achieved by displacing the movable wall and, at
the same time, changing the frequency of the opposite speaker
such that the resonance of the acoustic cavity is maintained.
Therefore, by moving the wall by a certain distance, the object
is displaced by one half of the distance of the movable wall.

The acoustic manipulation method shown in Fig. 19 re-
quires a movable wall. A different method to manipulate the
levitated object inside a rectangular chamber is the mode
switching (also called frequency switching), which was
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movable wall

speaker

speaker

Fig. 19 Acoustic manipulation method proposed by Fletcher et al. [105].
The contactless manipulation along the horizontal direction is achieved
by displacing the movable wall and by controlling the frequency of the
opposite speaker

presented by Trinh et al. [111] in 1986. This method does not
require moving parts and the 1D manipulation is achieved by
switching between different modes of the acoustic cavity, as
illustrated in Fig. 20. Trinh et al. [111] demonstrated this ap-
proach by transporting a platinum-coated hollow quartz
sphere inside a rectangular chamber. This approach was pro-
posed with the objective of manipulating substances from a
low-temperature zone to a region of high temperature inside a
rectangular chamber in microgravity.

Another method proposed to manipulate objects in micro-
gravity uses a nonresonant acoustic levitator formed by a
sound emitter and a small reflector [83, 87]. In this method,
the superposition of the incident and reflected waves on the
reflector produces an acoustic standing wave, allowing the
acoustic levitation of the object at a pressure node located at
a distance of approximately a quarter of a wavelength from the
reflector surface. Due to the small size of the reflector, high-
order reflections are minimized and the acoustic radiation
force on the object is almost independent of the separation
distance between the emitter and the reflector. In this condi-
tion, the levitated object can be manipulated by moving the
reflector. A nonresonant acoustic levitation device based on
this manipulation method was presented recently [100] and is
illustrated in Fig. 13. In this device, the manipulation of the
levitated particles is achieved by translating the reflector in
respect to the transducer.

Acoustic waves can be used not only to translate levitating
objects but can also be applied to rotate objects through the
action of acoustic viscous torques [110, 156]. Acoustic viscous
torques on the levitated object can be generated by two orthog-
onal standing waves inside a rectangular resonant chamber
[107, 108]. As demonstrated theoretically by Wang and Busse
[110], the torque on the object is maximum for a phase shift of
90° between the orthogonal waves. Experiments involving
acoustic viscous torques were already carried out on Earth
[156] and also in a microgravity environment [109, 113].

Fig. 20 Acoustic manipulation by using the mode-switching approach
[111]. The object is transported by switching between different normal
modes of the acoustic cavity

Another approach to acoustically manipulate levitating ob-
jects consists in generating an acoustic standing wave by the
superposition of the traveling waves emitted by two opposed
transducers [157, 158]. In this approach, the pressure node
positions and, consequently, the levitation positions are altered
by changing the relative phase between the transducers.
Ideally, the traveling wave emitted by one transducer must
not be reflected by the opposed transducer, because the reflec-
tions can disrupt the manipulation capability [159]. In prac-
tice, a successful manipulation can be achieved by reducing
the reflections below a certain limit. According to Grinenko
et al. [159], the manipulation by counter-propagating waves
can be achieved when the reflection coefficient of the opposed
transducer is lower than 0.5.

The translation of the levitated objects by changing the
relative phase between transducers has been demonstrated
by different authors. In 1995, Matsui et al. [160] reported the
vertical translation of small particles in a device consisting of
two opposed 20 kHz transducers. In 2007, Kozuka et al. [161]
used two tilted transducers to manipulate expanded polysty-
rene particles in mid-air. In 2009, Weber et al. [94] described
the construction of a single-axis acoustic levitator formed by
two 22 kHz transducers with a radiating face of approximately
70 mm in diameter. In this levitator, unwanted reflections were
reduced by bonding an absorbing material in front of the
transducers. The authors also reported that the levitating ob-
jects can be displaced vertically by changing the relative phase
between the transducers. Recently, Marzo et al. [104] devel-
oped a low-cost single-axis levitator that can transport the
levitating objects upwards and downwards.

In 2010, Koyama and Nakamura [162, 163] proposed a
new type of acoustic levitation system to transport small ob-
jects and liquid droplets. The proposed system consists of
linear [162] and circular [163] transporters and could be ap-
plied to transport objects over large distances. Their linear
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acoustic transporter [162] is formed by a long aluminum plate
attached to a 22.5 kHz Langevin-type transducer at each end.
A planar reflector with the same dimensions of the aluminum
plate is positioned at a distance corresponding to one acoustic
wavelength from the aluminum plate. When the transducers
are electrically excited, a flexural standing wave is generated
along the plate. The plate vibration generates an acoustic
standing wave in the air gap between the reflector and the
plate, in which small objects can be acoustically levitated at
the pressure nodes. When the relative phase between the trans-
ducers is altered, the levitated objects are transported. The
circular transporter [163] presents a similar working principle
and is formed by a circular aluminum plate attached to a pie-
zoelectric ring and a reflector. The electrodes of the piezoelec-
tric ring were divided into 24 parts, and by controlling the
electrical signals at each electrode, the authors were able to
transport small objects in a circular trajectory in steps of 7.5°.
The linear transport of levitated objects has also been per-
formed by devices using flexural traveling waves [164] and
flexural standing waves in a ring-shaped structure [165]. The
concept behind the linear transport was also extended to allow
the object manipulation in two dimensions [166].

Bjelobrk et al. [67] demonstrated the contactless transport
of levitated objects by using a device consisting of a transduc-
er connected to an aluminum radiating plate and a reflector
with cylindrical concavity. The authors investigated their de-
vice numerically and found that the horizontal positions of the
minimum Gor’kov potential change with the separation dis-
tance between the radiating plate and the reflector. Therefore,
by controlling the reflector height, the authors demonstrated
the horizontal transport of a small polystyrene particle over a
distance of 37 mm. In 2012, Bjelobrk et al. used the same
device to transport and to merge liquid droplets in air [167].

An important step in the contactless manipulation of levi-
tated objects was made by Foresti et al. [48] in 2013, when
they presented a flexible acoustic levitation system able to
transport and to merge multiple droplets in air. Their system
can also be rearranged to allow the levitation and the rotation
of elongated thin objects in a controllable manner. Figure 21
illustrates the working principle of their acoustic manipulation
system. In the configuration of Fig. 21, the system comprises
five Langevin-type transducers with a square radiating face
and a plane reflector, which are positioned at a distance cor-
responding to half a wavelength from the transducers. The
transducers are excited at a frequency of 24.3 kHz, and the
voltage amplitude of each transducer can be controlled inde-
pendently. In the configuration of Fig. 21, the system is used
to transport and to merge two liquid droplets in air. At time
instant =0, only the first and the fifth transducers are electri-
cally excited, generating an acoustic standing wave above the
corresponding transducers. Then, two liquid droplets are
inserted in the levitation system, as illustrated at the top of
Fig. 21. At this time instant, the droplets levitated statically
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Fig. 21 Acoustic levitation method to transport and to merge liquid
droplets in air. The manipulation is achieved by controlling the voltage
amplitude of each transducer (Reproduced with permission from [48])

above the transducers. A levitating droplet is transported
through the gradual increase of the voltage amplitude of an
adjacent transducer while reducing the amplitude of the actual
transducer, as illustrated in Fig. 21. Then, after a travel period
(7) (the authors defined the travel period (7) as the time re-
quired for the object to travel from one transducer to the ad-
jacent transducer [48]), the droplets levitates above the second
and fourth transducers (see Fig. 21 at time instant = 1.07).
This procedure is repeated until the two droplets merge at time
instant #=2.07. Figure 21 also shows the levitation potential,
which is defined as the sum of the Gor’kov potential and the
gravitational potential [48]. As observed in Fig. 21, the drop-
lets follow the positions of minimum levitation potential.
Therefore, by controlling the positions of minimum potential,
the levitating droplets can be manipulated.

Foresti and coauthors [125] extended the manipulation
concept of Fig. 21 to levitate high-density materials. In this
new study, they employed Langevin-type transducers with a
concave radiating face and used a deformable reflector formed
by a prestressed membrane over the surface of a liquid. With
this new approach, they were able to transport a steel sphere of
5 mm in diameter. Foresti and Poulikakos [49] also described
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an experiment in which six Langevin-type transducers ar-
ranged radially were used to levitate and to rotate small objects
and liquid droplets in air.

Another important step in acoustic manipulation was made
by Ochiai, Hoshi, and Rekimoto [168—170], who developed
an acoustic levitation system to manipulate objects in three
dimensions. Their system is formed by four arrays of trans-
ducers, arranged according to Fig. 22a, b. Each array, shown
in Fig. 22c¢, is formed by 285 transducers arranged in a 170 x
170 mm? square area. The transducers operate at a frequency
of 40 kHz, and a custom-made electronic circuit allows con-
trolling the phase delay of each individual transducer. The
excitation of each transducer can be controlled such that the
emitted waves arrive in the phase at the desired focal point. In
the neighborhood of the focal point, there is a series of pres-
sure nodes that can be used for levitating small objects
(Fig. 22d). By controlling the position of the focal point, the
levitating objects can be manipulated in three dimensions (the
reader is strongly advised to watch the supporting video of ref.

Fig. 23 Near-field acoustic
levitation transportation system
developed by Hashimoto et al.
[128]. In this system, a larger
planar object is transported by a
flexural traveling wave.
(Reprinted with permission from
[128], Copyright 1998, Acoustic
Society of America)

Object to be levitated
and fransported

Vibrating plate

[168]). Using a similar strategy, Omirou et al. [171] presented
a modular levitation system composed of two opposed arrays
0f'40 kHz ultrasonic transducers. In this system, the 3D acous-
tic manipulation is achieved by controlling the amplitudes and
phase of the transducers. Recently, two arrays of 40 kHz have
been used to levitate and transport food, offering a new kind of
culinary experience [172].

4.2 Object Transport by the Near-Field Acoustic
Levitation Method

The near-field acoustic levitation method can be used not only
to suspend planar objects above the transducer surface, but it
has also been shown that it can be applied to transport heavy
planar objects slightly above a vibrating plate [128, 131].
Figure 23 illustrates the near-field acoustic levitation transpor-
tation system developed by Hashimoto et al. [128]. This sys-
tem consists of two 19.5 kHz transducers attached to a metal
plate. One transducer generates a traveling flexural wave

Traveling wave

Transportatian
direction

R=700 ohm
L=4.81mH
SWR=2

Oscillator Receiving

) F=19.5kHz

Transducer
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along the plate while the opposite transducer absorbs it. The
near-field transportation system was used to levitate and trans-
port a bakelite plate (90 mm long and 65 mm wide and weight
of 8.6 g) with a velocity of 0.7 m/s.

In 2001, Reinhart and coauthors [132] presented a trans-
portation system similar to that proposed by Hashimoto et al.
[128]. The system developed by Reinhart and coauthors was
used to levitate and to transport 200-mm silicon wafers. The
authors also developed another system based on near-field
acoustic levitation that was used to load and to unload silicon
wafers from wafer cassettes.

Instead of using vibrating surfaces to levitate passive planar
objects, the levitating object can also act as a transducer, in-
ducing its own levitation and transport [173—176]. As an ex-
ample, Fig. 24 shows the self-running levitation device devel-
oped by Chen et al. [176]. This device consists of a pair of
piezoelectric rings prestressed between a mass block and a
bottom plate. The electrodes were divided into four pieces,
with each piece corresponding to one quarter of a circle.
When the four electrodes are excited in phase at a frequency
of 21 kHz, the device vibrates in its longitudinal mode
(Fig. 24b), and the device floats against the flat surface.
However, when the electrodes are excited at the same frequen-
cy but with different phases, the longitudinal mode couples
with the bending mode, producing an elliptical vibration of the
bottom plate. This vibration causes the object to levitate and to
move horizontally. It was also demonstrated that a 2D hori-
zontal motion can be achieved by controlling the relative
phases between the electrodes.

4.3 Manipulation Using the Single-Beam Acoustic
Levitation Method

The single-beam acoustic levitation method can also be used
to manipulate the levitated objects. When demonstrating the
acoustic levitation of small objects using single beams in air,
Marzo et al. [53] also described a method to manipulate the

Fig. 24 a, b Self-running
levitation device developed by
Chen et al. [176]. A 2D motion is
achieved by exciting the
piezoceramic electrodes with
different phases. (Reprinted from
[176], with the permission of AIP
Publishing)

(a)

Mass block

Piezo

elements S

Bottomi
plate. B
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levitated objects. Manipulation was achieved by changing the
phase delays of each individual transducer of a single-sided
transducer array. The levitation and manipulation of a small
object is illustrated in Fig. 17c.

5 Summary and Future Perspectives

In this article, we started with a brief review of the theory,
showing how the governing equations of fluid dynamics can
be combined to obtain the linear wave equation and the acous-
tic radiation pressure. The radiation pressure can be integrated
over the object surface to obtain the acoustic radiation force
that acts on this object. For the particular case of an object
much smaller than the acoustic wavelength, the acoustic radi-
ation force can be calculated with the Gor’kov expression,
which considerably simplifies the problem of finding the
acoustic radiation force. A simple expression for the acoustic
radiation force on a small rigid sphere in a plane standing
wave was also presented, and it was shown how linear acous-
tic simulations can be employed to obtain the acoustic radia-
tion force acting on objects of arbitrary shapes and sizes.

We also presented different acoustic levitation methods that
are able to suspend objects in mid-air. Historically, acoustic
levitation has been classified in standing wave acoustic levi-
tation and near-field acoustic levitation. But due to the recent
advances in acoustic levitation, we believe this classification
can now be extended to five types: standing wave, near-field,
inverted near-field, far-field, and single-beam acoustic levita-
tion methods. In addition, it has been demonstrated that the
standing wave, near-field, and single-beam acoustic levitation
methods can also be employed to manipulate the levitated
objects.

To conclude, we would like to answer the following ques-
tion: What is the future of acoustic levitation? Although a
significant progress has been made in the last years, we be-
lieve that most of the progress is still to come. Functionalities
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Bending mode Original shape mode

Non-contact motion

Coupled mode
elliptical vibration
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such as the ability to manipulate and rotate multiple objects
will have a significant impact on acoustic levitation systems.
Perhaps, in the future, many of the tasks currently done by
robots could be performed by an array of speakers, which
could be used to levitate and manipulate objects without any
contact. In the future, we can imagine a world where we will
have factories in which the objects will be entirely manipulat-
ed by sound. We also believe that acoustic levitation has the
potential of replacing test tubes, allowing chemical substances
to be manipulated by sound. We hope that in the future, acous-
tic levitation methods will be used for manufacturing new
products in space. Another possibility is to combine acoustic
levitation with electroencephalography, allowing people to
levitate and manipulate objects with their mind.
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