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Abstract An acoustic levitation system is presented in this paper which can levitate planar objects
much larger than the wavelength of the applied sound wave. It uses standing wave field formed by
the sound radiator and the levitated planar object. An experimental setup is developed, by which a
compact disc is successfully levitated at frequency of 19 kHz and input power of 40 W. The sound field
is modeled according to acoustic theory. The mean excess pressure experienced by the levitated object
is calculated and compared with experiment results. The influences of the nonlinear effects within
the acoustic near-field are discussed. Nonlinear absorption coefficient is introduced into the linear
model to give a more precise description of the system. The levitation force is calculated for different
levitation distances and driving frequencies. The calculation results show acceptable agreement with
the measurement results.
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1 Introduction

Levitation is a process by which an object is suspended in a stable position against gravity, without
physical contact. Levitation can be realized by various physical means, such as magnetic force, elec-
trostatic force, aerodynamic force, acoustic radiation force and so on. In this paper, one dimensional
levitation methods utilizing high intensive ultrasonic sound waves are discussed. An acoustic wave can
exert a force on objects immersed in the wave field. These forces are normally weak, but they can
become quite large when using high intensity waves due to the nonlinear characteristics. The forces
can even be large enough to levitate substances against gravity force. This technique is called acoustic
levitation or ultrasonic levitation, when the sound waves used are in the ultrasonic frequency range
(higher than 20 kHz).

1.1 Different configurations of acoustic levitation

According to the working principles, two different configurations of acoustic levitation can be found in
the literature: standing wave levitation and squeeze film levitation (also called as near field acoustic
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Fig. 1 Distribution of sound pressure, air particles’s velocity and levitation force in a standing wave type
levitation system[38]

levitation) [38]. Standing wave levitation phenomenon was first observed in Kundt’s tube experiment
[29] in 1866, that small dust particles moved toward the pressure nodes of the standing wave created in
a horizontal Kundt’s tube. Biicks and Miiller presented an experiment setup for acoustic levitation in
1933 [6]. A small particle was levitated at a position slightly below the pressure nodes of the standing
wave between a radiator and a reflector.

A typical setup for standing wave levitation is shown in Fig. 1. As a result of multiple reflections be-
tween an ultrasonic radiator and a solid, flat or concave reflector, a standing wave with equally spaced
nodes and anti-nodes of the sound pressure and velocity amplitude will be generated. Solid or liquid
samples with effective diameters less than a wavelength can be levitated below the pressure nodes. The
axial suspension of the sample is an effect of the sound radiation pressure of a standing wave. Com-
bining with a Bernoulli vacuum component, the sound wave can locate the samples laterally as well [9].

Following this radiator-reflector idea, standing wave type acoustic levitators with various features
were designed for applications in different scientific disciplines such as space engineering, non-contact
material processing and non-contact handling. In 1974, Wang et. al. [39] presented an acoustic chamber
for positioning of molten materials. The chamber was used for positioning in an extreme temperature
gradient. In 1975, Whymark [43] proposed an acoustic levitator for positioning of materials in space
using a single source of sound. In 1983 Lierke [21] presented an acoustic levitator for positioning the
materials samples in mirror furnaces in space processing. In 1985, Trinh [36] presented a compact
acoustic levitation device for studies in fluid dynamics and materials science in the laboratory and
in microgravity. The classic structure was later modified to achieve better performances. Otsuka et.
al. [28] used a stepped circular vibrating plate as the radiator which can produce higher intensity
ultrasound fields. The flexural vibration mode of the plate with two nodal circles was used to achieve
higher vibration amplitude. In 2001, Xie and Wei [45] enhanced the standing wave acoustic levitation
force by properly curving the surface and enlarging the reflector. High density material like tungsten
(p = 18.92 g/cm®) was successfully levitated for the first time by standing wave ultrasonic levitation.
Recently in 2006, Xie and Wei reported the successful levitation of small living animals such as ant,
ladybug, and little fish with a standing wave acoustic levitator [47].

Squeeze film levitation is observed when an object with a flat surface is placed directly upon a
sound radiator. The object can be levitated very close to the radiation surface, at a height which is
much smaller than the wavelength of the applied sound wave. In 1964, Salbu [33] described a levitation
system for objects with flat surface. Salbu used magnetic actuators to excite two conforming surfaces
oscillating next to each other to generate a positive load supporting force. Linear and journal bearings
based on this levitation method were presented in Salbu’s publication. In 1975, Whymark [43] reported
that a brass planar disk of 50 mm in diameter and 0.5 mm in thickness was levitated extremely close
to a piston vibration source driven harmonically at a frequency of 20 kHz. Two distinct properties dis-
tinguish this type of levitation from standing wave levitation. First, the reflector is no longer needed;
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Fig. 2 Schematic diagram of the proposed acoustic levitation system

instead, the levitated object itself acts as an obstacle for the free propagation of the ultrasonic wave-
front. Second, the gap between radiation source and the levitated object must be much smaller than
the sound wavelength in air. Thus, standing wave does not exist in the gap anymore. Several levitation
systems have been developed using squeeze film levitation technique [11; 17; 25; 44; 37; 16; 14]. This
kind of systems has also been investigated for non-contact transportation of electronic parts (e. g.
wafer handling) using traveling bending waves [15; 31].

1.2 A configuration of acoustic levitation for large planar objects

In 2001, Reinhart [31] reported that while measuring the squeeze film levitation force, additional
peaks of levitation force at intervals of half wavelengths from the radiation surface were also observed.
These additional peaks had much smaller amplitudes (< 0.1N) compared to the squeeze-film region.
Reinhart concluded that they were caused by the standing wave pattern and pointed out a possibility
of levitating planar objects at these points. But no further explanation or experimental investigation
was reported afterwards.

In this paper, an acoustic levitation system is investigated using the levitation effect observed by
Reinhart. The levitation happens when planar objects are placed at distances of half wavelengths in
front of a radiator. A schematic diagram of the proposed levitation system is shown in Fig. 2. In
this configuration, the levitation effect is achievable using similar setup of standing wave or squeeze
levitation, but the working principle is different in many aspects. First, the acoustic field is formed in
between the sound radiator and the levitated object which performs as a reflector as in classic standing
wave levitation systems. The position of the object to be levitated determines how the sound field is
maintained. Second, the size of the object to be levitated is not limited by the wavelength, because
the object is levitated above the complete standing wave field. In the classic standing wave levitation,
the small particles are trapped stably slightly under a pressure node or anti-node of a standing wave
field formed by a radiator and a reflector. Thus, the particles can only be levitated if they are smaller
than a sound wavelength. At last, as compared to squeeze film levitation, the object can be levitated
at positions of multiple times of half wavelength above the radiator. A stable levitation happens when
a standing wave is formed between the radiator and the object. However, the squeeze film levitation
happens only when the object is place extremely close to the radiator. Thus no standing wave is formed
in the gap.

The most renowned models of standing wave and squeeze film type acoustic levitations are reviewed
in Sec. 2. Mathematical modeling based on the acoustic radiation theory is presented in Sec. 3. The
levitation force for the proposed system is calculated. A experimental setup is developed and presented
in Sec. 4 to validate the proposed levitation method. Sound field visualization of the proposed sys-
tem is presented in Sec. 4.1. Simulation results based on the mathematical model are presented in Sec. 5.

2 Previous works on modeling the acoustic levitation systems

Various models have been developed to study the acoustic levitation systems. An major purpose of the
models is to predict the levitation force. Acoustic radiation pressure is found to be the major source of



the levitation forces. Acoustic radiation pressure is a topic of nonlinear acoustics which was first studied
by Rayleigh [30] in 1902 as an acoustic counterpart of electromagnetic waves. The radiation pressure
on the object in the sound field varies with the frequency of the vibrations and equals zero in a linear
approximation. A second order approximation is needed to obtain a non-zero mean pressure, which is
small compared to the sound pressure amplitude [1]. The radiation pressure is a nonlinear effect comes
from the nonlinearity of the adiabatic equation of state [19] (with allowance of the quadratic terms)
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and the convection term of the Euler equation[1] for a non-viscous Newtonian fluid
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where Py is the ambient pressure; P = Py + p, in which p is the acoustic pressure; pg is the ambient

density; p = pg + o/, in which p’ is the acoustic density; I" is a constant; and v is the velocity. For an

ideal gas, I' = ~y, in which y represents a specific heat ratio. A, B are called nonlinearity parameters,

A = poc3, B = (I' — 1)poc and B/A = I' — 1. From these basic equations, the subject has been

investigated by many researchers with different results and had been continued to be associated with

a lot of confusion for a few decades, mainly because the phenomenon involves a subtle nonlinear effect
that the problem has to be very carefully posed in order to get a unique answer [7].

+p(v-V)v=-Vp (2)

In 1982, Chu and Apfel [8] calculated the forces produced by a sound beam directed normally at
a plane target. The author also pointed out several mistakes in previous theories and calculated the
Rayleigh radiation pressure in an ideal gas on a perfectly reflecting target as:

Dra = 1+~ (1 + sin(2kh)) (B) (3)

2 2kh

Here, E is the energy density of the wave. The angle brackets indicate that the parameters in them
are time averaged. The time averaged energy density can be expressed as

(E) = (a§/4) (pow?/sin® kh) (4)

where w represents the angular frequency of the wave, a¢ the vibration amplitude and h the distance
between vibration source and target. k represents the wave number k& = w/c, in which ¢ is the sound
speed. Chu and Apfel also calculated the Rayleigh radiation pressure on partially reflecting plane tar-
gets. However, their calculation was limited to plane waves.

In 1993, Lee and Wang [19] used Eulerian coordinates instead of the previously used Lagrangian
coordinates and extended the theory to general 3-D systems. The author stated that, for 1-D case,
if the the material surface vibrates with sound, the mean pressure on it is Lagrangian. In the case
of a rigid surface, the mean pressure on it becomes Eulerian. The mean Eulerian excess pressure was
obtained as:

(PP Py) = (V) — (K) +C (5)

in which V and K are the potential and kinetic energy densities of the considered wave, which are
given as
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K= 500712 (7)

C is a constant and can be given a finite value to satisfy different boundary conditions on the system,
or set to zero if there is none.

The mean pressure on the surface of the reflector is then the acoustic radiation pressure we are
looking for. The acoustic radiation pressure has to be integrated over the object surface to obtain the



levitation force. However, in different types of levitation systems, different boundary conditions and
calculation methods are needed. And, the considered levitated objects are very unlike.

For standing wave levitators, the part to be handled is usually small (effective radius smaller than
the wavelength, mm-range) and immersed in a standing wave field. Radiation pressures acting on
all surfaces on the levitated object must be figured out and summed. The first detailed theoretical
description of standing wave levitation was given by King [18]. King assumed the fluid being adiabatic
and barotropic. The acoustic radiation force on a rigid sphere was calculated by King as:

F = —%mo |A]? (kR,)® sin (2kh) (8)

in which p represents the density of the medium, R, the radius of the sphere and |A| the amplitude of
the velocity potential.

King’s work was extended by Hasegawa and Yosioka [13] to include the effects of compressibility.
Embleton [10] adopted King’s approach to fit to the case of a rigid sphere in a progressive spherical or
cylindrical wave field. Westervelt [40; 41; 42] derived a general expression for the force owing to radi-
ation pressure acting on an object of arbitrary shape and normal boundary impedance. King showed
that a boundary layer with a high internal loss can lead to forces that are several orders of magnitude
greater than those predicted by the classical radiation pressure theory.

A very different approach compared to King was presented by Gor’kov [12], who presented a simple
method to determine the forces acting on a particle in an arbitrary acoustic field. The velocity potential
was represented as sum of an incident ¢;, and a scattered term ¢.. Barmatz [2] applied Gor’kov’s
method to derive the generalized potential and force expressions for arbitrary standing wave modes
in rectangular cylindrical and spherical geometries. Lierke gave an overview of standing wave acoustic
levitation in 1996 [20] based on long term research and development activities for the European and
the US space agencies. In 2004, Xie and Wei [46] studied the acoustic levitation force on disk samples
and the dynamics of large water drops in a planar standing wave, by solving the acoustic scattering
problem through incorporating the boundary element method.

For squeeze film levitation, the levitated object must have a planar surface, and is placed extremely
close (um-range) to the radiation source. Moreover, the standing wave does not exist any more. Instead,
a very thin air film with pressure varying according to the movement of the radiation surface is to be
considered. Due to the different boundary conditions, the analytical calculation of the levitation force
is very different from the case of the standing wave levitation. Mathematical models for calculating the
levitation force of squeeze film levitation can be derived from acoustic radiation pressure theory as well
by considering the special physical conditions [14; 27]. Recalling Equ. (3), in squeeze film levitation,
the levitation distance h is much smaller than the wavelength of sound A, ranges from several to several
tens microns. Therefore, kh = 27/A << 1 and sin kh & kh are approximately valid. Equ. (3) can be
simplified to a linear equation for the radiation pressure in squeeze film levitation [14]:

l+v a3

I = 1 PoC 52 (9)

From Equ. 9, it is clear to see that the radiation pressure IT in squeeze film levitation is reversely
proportional to the square of the levitation distance and proportional to the square of the vibration
amplitude ap. The radiation pressure reaches its maximum when the average levitation distance h
equals the vibration amplitude ag, right before a contact could happen. There are also models devel-
oped using the theory of gas film lubrication by solving variants of the Reynolds equation numerically
or analytically. Such models give the exact pressure distributions along the gap. Detailed the explana-
tions can be found in Ref. [33; 26; 35; 48].



Fig. 3 Vibration amplitude distribution on the radiator surface

3 Modeling of the proposed levitation system

The intention of the proposed acoustic levitation system is to levitate a disc-shaped object with rela-
tive large size (a few times of the sound wavelength in air). In order to obtain a large sound radiation
surface, a circular plate which vibrates in its flexural vibration mode is chosen as the sound radiator.
The sound field to be considered can be simplified and described as following: the sound radiator (a
circular disc) vibrates in its flexural vibration mode and generates a sound beam in front of it. The
sound beam propagates forwards and is reflected by a rigid surface (the object to be levitated) placed
perpendicular to the sound beam at a distance of L away from the radiator. A acoustic wave field re-
sulted from multiple reflections is formed between two surfaces. The acoustic field becomes a standing
wave when L is equal to multiple times of half wavelength of sound (as shown in Fig. 2). Excessive
pressure on the rigid surface is generated by the acoustic field.

3.1 Flexural vibration mode of the radiator

The selected sound radiator is a circular plate with constant thickness. Therefore, cylindrical coor-
dinates (r,0,z) can be used, where r is a radius from the center, 6 the angle of that radius, and z
a length in the direction normal to the plane of the radiator. The plate equation has the following
general solution for the transverse vibration mode of a circular plate[5]

Z(r,0,t) = {aijJi ()\ijr) + b;;1; ()\”r)] cosif cos2m ft (10)
a a

where Z(r,0) is the displacement of the mid-surface of the plate, a the radius of the circular plate,
f the natural frequency of the related mode shape. i and j are the number of nodal diameters and
nodal circles(not counting the boundary) respectively. J; and I; are Bessel function and modified
Bessel function of the first kind relatively, and ¢ order. a;; and b;; are constants which are determined
to within an arbitrary constant by the boundary conditions and mode number. A;; is a dimensionless
frequency parameter related to the boundary conditions on the plate, the plate geometry and Poisson’s
ratio. For mode shapes with only nodal circles (i = 0) the displacement of the circular plate becomes
axisymmetric. The displacement Z is then independent of 6. Equ. 10 can be simplified as

Z(r) = {anJo (A(:T) + bo;1o <>\ZJT>} cos 27 ft (11)

The vibration mode of a free circular plate with two nodal circles is shown in Fig. 3. Values of A;; of
common mode shapes have been calculated and listed in Table 11 — 1 in Ref. [5]. From this table, Ag2
is found as 6.209. By applying the boundary conditions, age and bge are determined as 0.997 and 0.003
respectively.




3.2 Sound beam in the acoustic near-field

According to Ref. [34], the acoustic far-field is approximately reached when z exceeds a?/\, where a
is the radius of the radiator, and A the wavelength of sound. For the proposed levitation system, the
working frequency is about 20 kHz with wavelength A being about 0.017 m. The radius of the sound
radiator is 0.06 m. These makes a?/\ = 0.208 m, which is about twelve times of A. The investigated
range of the levitation distance L is around one to a few times of half wavelengths. Therefore the
considered sound field is completely located in the acoustic near-field.

A sound beam can be described in cylindrical coordinates with Bessel functions in 7 and sinusoidal
function in z direction,

p(r, z,t) = AgJ(r) cos(wt — kz) (12)

where Ag is the amplitude of acoustic pressure at »r = 0, k the wave number, w the angular frequency of
the wave and z the distance from the vibration source. J(r) is the Bessel functions describing the radial
distribution of the sound beam. For calculation it is convenient to use a complex number representation.
Equ. 12 can be then written as

p(r, z,t) = Re (AOJ(r)ej(“t_kz)) (13)

where Re indicates the real part of the expression. In the following Re will not be mentioned for sim-
plification. All the complex parameters are automatically considered as their real parts.

Unlike a plane wave, in a sound beam described by Equ. 13, air particles move in both r and z
directions. However, in the near-field, the acoustic field is basically cylindrical, the oscillations in the r
direction are small compared to z direction and have very little contribution on the radiation pressure.
Therefore, velocity component in r direction is not taken into account in the present model. A sound
beam with the same diameter as the radiator is considered. Assuming that the acoustic pressure at the
surface of the radiator varies exactly according to the transverse movement of the radiator, the Bessel
functions in Equ. 12 can be replace by Z(r). The sound beam in near-field can be then expressed as:

p(r,2,1) = AgZ(r) &) (14)

The axial pressure at the center of a sound beam generated by a circular piston varies in the near-field
and may have one or more maximums occur along the axis when ka > m. The pressure variations are
extreme for a circular piston because of the high degree of symmetry [34]. For the circular plate with
flexural mode as shown in Fig. 3, the fluctuation of axial pressure amplitude at the center is reduced by
the nearly symmetric high and low pressure field on the plate. Therefore, the variation of the pressure
amplitude Ag is not as significant as the circular piston anymore, and is considered as constant in the
near-field for the present model. The particle velocity in z direction is expressed as

v, t) = 20 gtk (15)
Poc

3.3 Increased absorption due to nonlinear effects

When a sound wave travels through air, a proportion of the sound energy is converted to heat. There
are heat conduction, shear viscosity and molecular relaxation losses. So the sound wave is absorbed by
the air. The air absorption becomes significant at high frequencies and at long range [32]. For a plane
wave, the pressure p at distance z from a position where the pressure is pg is given as

p = poe” ¥ (16)



The attenuation coefficient o for air absorption depends on frequency, humidity, temperature and
atmospheric pressure and may be calculated as following[4; 3]:

—5/2
o= f2 {1.84 x 1071 (5()) (pS()) + (g)
Ds 0

exp(—2239.1/T) n 0.1068€Xp(—3352/T):| }
Fr0+f2/FrO FrN+f2/FrN

(17)
[0.01278

where f represents the frequency of the wave, ps the atmospheric pressure, pso the reference atmospheric
pressure (1 atm), T the atmospheric temperature in K, Ty the reference atmospheric temperature
(293.15 K). fro and f,.n are the relaxation frequencies of the molecular oxygen and nitrogen, which
can be calculated as,

s 4, 0.024h
o= 24 +4.04 x 10*h ———— 1
fro == ( A0 e (18)
1/2 1/3
s (T _ To\ " _
Jon == <T> (9 + 280h x exp{ 4.17 <T> 1] }) (19)

respectively, where h is the absolute humidity in %. The relation between h and relative humidity A,
is

h=h, (psat/pso) / (pS/pSO) (20)

where the saturated vapor pressure pgq; is given by

DPsat

sO

logio = —6.8346(Ty, /T) 2% + 4.6151 (21)

where Ty = 273.16 K is the triple-point isotherm temperature.

The absorption coefficient o discussed here is calculated with linear assumptions. It fits to sound
waves with pressure amplitude much smaller than the ambient air pressure (Ag << Pp). However, in
acoustic levitation systems, high intensity and high acoustic pressure amplitude are normally involved.
Propagation of such finite-amplitude waves is accompanied with a variety of nonlinear effects whose
intensity depends on the amplitude of vibrations, such as waveform distortion, formation of shock
waves, increased absorption, nonlinear interaction, cavitation and sonoluminescence [32]. The waveform
distortion always exits in nonlinear waves. They come from the generation of higher harmonics during
propagation. The absorption increases dramatically for higher frequencies, therefore the distorted wave
are absorbed more than the harmonic waves. A relation between the absorption of finite and small
amplitude waves is given in Ref. [24] as:

o 3w?vyg B\ _, _g
R R e (e 22
a - dac? < N ZA) ‘ (1-e ) (22)

In which, o’ represents the increased absorption coefficient of finite amplitude wave, vy the air particle
speed amplitude, z the traveling distance. o’ is now a function of the particle speed amplitude vy and
increases as vg gets higher. When standing wave is formed, as a result of signified resonance, the air
particle speed increases significantly. As a result, o’ obtained from Equ. 22 can be significantly larger
than a.

By substituting the attenuation coefficient into Equ.14 we obtain,

p(r, 2, 1) = AgZ(r) e—@ #Hiwi=k2) -



3.4 Modeling the sound field

Consider the problem in which the plane wave described by Equ. 23 traveling in the z direction is
reflected at z = 0 by a rigid fixed plane wall. The reflected wave is again reflected at the radiation
surface located at z = L and propagates toward the reflector. The reflection of the wave goes on and
on between two rigid surfaces until the wave is totally absorbed by the air. The resulted sound field
between the sound radiator and the reflector is the summation of all the foregoing and reflected waves.
The infinite summation of such waves is proved to be equal to the summation of one foregoing and
one reflected wave with same amplitude [15]. The resulted sound field can be described as

p(r,z,t) = AgZ(r) - (cos kz - cosh o’z 4 jsin kz - sinh o z) &3** (24)
The corresponding acoustic velocity v in z direction is expressed as

A .
v(r, z,t) = ——2Z(r) - (coskz - sinh oz + jsin kz - cosh a'z) % (25)
pPoc
Notice that only the near-field region is considered in this context, and the speed of air particles in
r direction is ignored. So far, the representation of the entire cylindrical sound field is obtained. The
next step is to calculated the radiation pressure produced by the obtained sound field.

Since the reflector surface is considered as rigid, the radiation pressure on is Eulerian [19]. Equ.
5 can be then applied to calculate the radiation pressure at the reflecting surface generated by the
sound field described by Equ. 24. Substituting Equ. 24 and Equ. 25 in to Equ. 6 and Equ. 7, after
time-averaging, (V) and (K) are obtained as

A2Z(r)?
(V) = 27(2) (cos® kz cosh® @’z — sin” k2 sinh® o/z) (26)
pPoc
A2Z(r)?
(K) = Zp(;) (sin® kz cosh® @’z — cos? kz sinh® o/2) (27)
0

For a sound beam in free space there is no constrain to satisfy. Therefore, C' = 0. Substituting Equ.
26 and Equ. 27 into Equ. 5, the mean Eulerian excess pressure is obtained as

A2
PE Py = (V) —(K) = Z(r)* 1 002 cos 2kz (sinh” o’z + cosh® a'2) (28)
0

Equ. 28 describes the mean excess pressure at fix points within the sound field. For a certain sound
field, the mean excess pressure varies at different (r, z) positions. On the plane at z = 0 perpendicular
to z, the mean pressure becomes the acoustic radiation pressure p,a on the object. p,.a can be obtained
by setting z = 0 in Equ. 28 as
AQ
0
4poc?

pra= Z(r)? (29)

Pra is not uniform in 7 and distributes following function Z(r)2.

4 Experimental investigations

A schematic diagram of the disc levitation system is shown in Fig. 4. A piezoelectric Langevin type
transducer driven in its first longitudinal mode (A/2) at 20 kHz is used to generate ultrasonic vibrations.
A stepped horn (A/2) is attached to magnify the vibration amplitude of the transducer. An aluminum
plate of diameter 120 mm is used as sound radiator. The plate is screwed into the horn.

For matching one of the plate’s axisymmetric flexural modes of vibration to the axial resonant
frequency of horn and transducer, the plate-thickness is chosen so that the corresponding natural
frequency of the free-vibrating plate appears at 20 kHz [22]. Flexural modes of vibration with one,
two, and three nodal circles have been constructed by properly matching the thickness. Experimentally,
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Fig. 4 Schematic diagram of the experiment setup of the proposed levitation system

(a) (b)

Fig. 5 Calculation of the flexural vibration mode of the circular plate with two nodal circles (FEM result).
(a),front view, (b)cross-section view

a plate with two nodal circles is found to be a good compromise between mechanical strength and
achievable vibration amplitude. The thickness of the plate is 8.55 mm. A result of a Finite-Element
calculation of the vibration mode at 20 kHz with two nodal circles is shown in Fig. 5. The mode shape
agrees with the calculation result (shown in Fig. 3) very well. After assembly, the resonant frequency
of the entire system (transducer, horn, and plate) appears at about 19 kHz, slightly depending on
the input power. An Adaptive Phase Locked Loop control algorithm (APLL) is used for tracking the
resonant frequency of the system during operation [23].

An experimental setup is built up as shown in Fig. 6 to measure the levitation force produced by the
presented disc levitation system. An aluminum plate with the same diameter as the radiation plate is
positioned in opposite to the radiator. This sound-reflecting plate is mounted on a vertical linear stage
through a load cell for being able to measure the vertical force acting on the reflector directly. Using
the linear stage, the reflector may be positioned freely between the contact position and a distance
of about 40 mm above the radiator. A laser interferometer is installed to measure the exact vertical
position of the reflector.
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Fig. 6 Experiment setup for measuring the acoustic radiation force

Levitation force (N)

0 5 10 15 20 25 30 35
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Fig. 7 Levitation force versus levitation distance. Input power 50 W, frequency 19 KHz.

Measurements have been done with fixed voltage input of 50 V at a frequency of 19 kHz (input
power about 40 W). The actual vertical position data of the reflector and the value of the levita-
tion force are recorded simultaneously while the reflector slowly approaches the radiator from above
until both plates get into contact. Levitation force versus distance between the plates is plotted in
Fig. 7. Clear peaks of the levitation force can be seen in Fig. 7 at intervals of half wavelengths. The
peak-values at the positions of half wavelengths increase with decreasing distance between the plates.
The amplitude at the A/2-position is about 1 N. Multiple peaks are observed near the positions of
half wavelengths. This is because the nonlinear behavior of such a intensive sound beam. The uneven
pressure distribution along radial direction causes unequal sound speed. Therefore the standing wave
is formed at slight different positions for different part the sound beam.

When the gap between the plates gets smaller than 0.5 mm, the squeeze-film region is reached
and the levitation force starts to increase significantly. A maximum levitation force up to 100 N is
measured right before contact happens. The squeeze film levitation force could be further increased by
using polished surfaces.
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Fig. 8 Stable levitation of CD at half wavelength (A/2) above the radiator. The central pin (screwed into the
flexural plate) is used only for centering the plate in radial direction

A common compact disc (CD) is chosen as the object to be levitated. It has the same diameter as
the vibrating plate, with a thickness of 1.3 mm and a mass of 16 g. A stable levitation state is observed
when the input power reaches about 30 W (see Fig. 8). The CD then rests without any instable vertical
motion above the flexural plate. Maximum vibration amplitude of the excitation system occurs at the
center of the flexural plate and is about 25 pum at 19 kHz for this level of power (measured using a
laser vibrometer). It is worth mentioning that the CD in this arrangement rests at a position slight
higher than half a wavelength (above the peak of the levitation force), where the levitation force equals
the gravity force of the CD. This is different compared to common radiator-reflector-type systems, in
which small particles are levitated at positions slightly below the pressure nodes of the standing wave.
Stable levitation could not be achieved at one wavelength or higher positions with the proposed setup
due to the quickly dropped levitation force.

4.1 Sound field visualization

Visualization of sound wave propagation and interaction with structures in the levitation mechanism
is important for understanding the underlying acoustics. The conventional method to measure acoustic
fields with microphones is difficult in the presented system, because the measuring volume is limited,
high resolution is required, and disturbances due to sensors are not acceptable. Recently, Zipser et
al. [51], [60] introduced a new method for planar visualization of acoustic sound waves in gases by
means of a scanning laser vibrometer. With this high sensitive method, multi-frequency, repetitive
sound fields can be measured. This measurement technique is applied to study the sound field ex-
cited by the disc-shaped radiator and the interaction with the levitated objects. Since pictures of the
qualitative distribution of pressure are sufficient here, no complicated post-processing is needed. A
detailed descriptions of the measurement technique called refracto-vibrometry and an explanation of
the underlying theory can be found in [49].

In the first experiment, the sound propagation from the vibrating radiator is visualized and shown
in Fig. 9(a). Red color (darker color) indicates high pressure and green (brighter color) indicates low
pressure; in an additional animated video the continuous propagation of the sound-wave has been
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Fig. 9 Sound wave free propagation above the radiator. a) measurement result; b) schematic diagram

Fig. 10 Visualization of the standing wave field during stable levitation, operating frequency 19 kHz

visualized as schematically depicted in Fig. 9(b). Distinctive high and low pressure regions can be
seen above the radiation surface within the first wavelength. Several interference patterns are observed
starting from the second wavelength, which are typical for the acoustic near-field of this kind of
radiators. The interfering regions coincide with the positions of the two nodal circles on the surface of
the radiating plate as shown in Fig. 9(b).

Fig.10 shows the results measured when the CD is levitated and rests in a stable position slightly
above half a wavelength. A clear standing wave pattern is seen in an animated depiction. Leak of
sound pressure from the center hole of the CD is also observed. It can be stated that the levitated CD
itself acts as a reflector for building the \/2 standing wave between plate and the CD. The distinct
high-low pressure distribution follows exactly the vibration mode of the radiator, which proves that
the assumption made for the sound field model is acceptable.
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5 Results and discussion
5.1 Computing the levitation force

To calculate the radiation pressure using Equ. 29, one needs first to know the acoustic pressure am-
plitude Ag. However, the acoustic pressure is difficult to measure in the presented arrangement due to
the limited space. On the other hand, the mechanical vibration is much easier to obtain. The following
arrangement is made to link the radiation pressure with the mechanical vibration of the radiation.

The magnitudes of air particle velocity |V, .| at each point according to r and z directions can be
derived from Equ. 25 as

AoZ AoZ
V2| = AoZ(r). V/(coskz -sinha/2)2 + (sinkz - cosha'z)2 = AoZ(r). Vsinh® oz + sin? kz (30)
poc poc

When z = L and r = 0 in Equ. 30, |V 1| indicates the air particle speed magnitudes directly on the
center of the sound radiator. Assuming that the air particles on the radiation surface move in the
same way as the surface itself, [Vo .| is equal to surface vibration speed amplitude at the center of the
radiator, represented by Vj. Therefore, the acoustic pressure amplitude Ay at = 0 can be derived
from Equ. 30 as

Ay = Vo,ooc/\/sinh2 'L +sin® kL (31)

Equ. 31 gives a relation between the mechanical vibration of the radiator and the acoustic field. It
can be seen that for a given distance L and the surface vibration amplitude V) at » = 0, the acoustic
pressure amplitude Ay at » = 0 can be obtained. Substituting Equ. 31 into Equ. 29, we find

Vi'po
4 (sinh2 oL + sin? kL)

Pra = Z(T)Q (32)

5.2 Simulation results

A normal laboratory condition with temperature of 20 degree Celsius and relative humidity of 30%
is used for all the claculations in this section. « is calculated as 0.58 suing Equ. 17. In Equ. 32,
all the parameters except Vj and o' are known for a given experiment setup. V; can be measured
experimentally during operation. o’ depends on « and the wave properties. The acoustic radiation
pressure can be calculated using Equ. 22 and Equ. 32. The levitation force can be obtained then by
integrating p,, on the surface of the levitated object.

Fig. 11 shows the radiation pressure changes with different distances between the radiator and the
reflector. Y axis is radiation pressure at the center of the reflector (p?,) caused by the center (near
r = 0) of the sound beam. The vibration speed amplitude Vj at the center of the radiator used for this
calculation is 3 m/s. In the figure, p¥, is normalized by the atmospheric pressure Py and the levitation
distance is normalized by the sound wavelength. It can be seen that, the radiation pressure is normally
very small compared to the atmospheric pressure. However, at intervals of half wavelength, clear peaks
happen due to the formation of standing wave. When L is close to zero, the squeeze film effect takes
place, and the resulted pressure increases quickly to a maximum value of 0.4 times of the atmospheric
pressure.

The distribution of the radiation pressure on a circular surface with » = 0.06 m (as in the experiment
setup presented in the preceding section) is shown in Fig. 12. The radiation pressure p,, is normalized
by the radiation pressure at the center of the plate p!,. The radial distribution of the amplitude of
pra follows the square of the surface vibration amplitude. At the nodal circles of the radiator, the
radiation pressure drops to zero. The levitation force is obtained by integrating p,, along r. Results
of calculated levitation forces for different L values are plotted in Fig. 13. The measured results are
plotted together with the calculated ones. It can be seen that the calculated levitation forces agree
well with the measurements. However, the magnitude at the position of half wavelength is about 5
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Fig. 11 Change of the radiation pressure at the center of the reflector with different distances

-1 -0.5 0 0.5 1
rla
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Fig. 13 Levitation force versus levitation distance, experiment and calculation results
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Fig. 14 Radiation pressure versus frequency, constant vibration speed

time of the measured value. The possible reasons of the higher calculated force are as following. First,
the reflector used in experiment is never a perfect reflecting surface. Diffraction and absorption always
exist at the reflector. Secondly, in the experiment, the two plates are not perfectly parallel. Thus, the
standing wave is not formed at one single distance, but in a small range. This has been proved by the
multiple peaks measured in experiment discussed in Sec. 4. Therefore, the resulted levitation force is
more distributed with a smaller amplitude compared to the simulation.

For the proposed acoustic levitation system, it is interesting to know how the frequency affects the
levitation force. In order to show the relation, the maximum radiation pressure (at 7 = 0) is calculated
with different frequencies. For consistency, the surface vibration velocity is set constantly as Vj = 3
m/s. The vibration speed is an indication of the output power of the radiator. Therefore, it can be
considered that the output sound power is kept approximately constant. Fig. 14 shows the calculation
results. From the figure, one can see that the radiation pressure in audible range (< 20 kHz) increases
quickly with decreasing frequency. However, in the low frequency range (< 5 kHz), vibration speed of 3
m/s will require a very large displacement of the radiator. This is often not feasible in practice and will
be unbearably loud. For the ultrasonic frequency range (> 20 kHz), the radiation pressure is rather not
so sensitive to the frequency, and can be increased slightly by using higher driving frequencies. There-
fore, the proposed experiment setup can be optimized by redesign the system to work at around 60 kHz.

6 Conclusion

An one dimensional acoustic levitation system for large planar objects is discussed in this paper. Basic
principles behind the standing wave and squeeze film type acoustic levitation systems are reviewed.
A different configuration of acoustic levitation system is presented which can levitate planar objects
with dimensions much larger than the sound wavelength at a position much higher than squeeze film
levitation system. Mathematical model for the pretended system is developed based on acoustic theory.
Nonlinear absorption effect is taken into account in the model which makes the model fit better to
the experiment. Experimental investigations are conducted to verify the levitation method. A CD is
successfully levitated with the proposed system at a height of half a wavelength. The levitation forces
at different distances are measured. A force of about 1 N is observed at the position of half wavelength
in front of the sound radiator. Various simulation results are presented which show good agreement
with the experiment result. The simulation results give good insights of the influences of different
parameters on the levitation force, such as frequency and vibration models.
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