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[14] as well as in space where there is no medium [15].
Relation between the radiation force obtained in single
axis acoustic levitation and the geometry of the driver-
ref lector is studied using a two-cylinder model incor-
porating the boundary element method. Resonance
modes are also predicted successfully [16, 17]. Single
axis acoustic levitation method has been used to suc-
cessfully levitate samples of solid and liquid materials
having highest density on the earth [18] as well as the
some small living animals such as ant, ladybug and
young fish [19].

Different parameters of the single axis acoustic lev-
itator play an important role in maximizing the radia-
tion force. Different parametric studies have been
conducted to enhance the capability of the single axis
acoustic levitation system [4, 16, 17]. Another import-
ant aspect of single axis acoustic levitation system is
resonance condition. Single axis acoustic levitation
system uses the standing waves phenomenon to levi-
tate the particles. Standing waves are created when the
levitation system meets the resonance condition. Dif-
ferent methods have been used to study the resonance
conditions of the single axis acoustic levitation for a
closed chamber [20, 21]. Boundary element method
has been used to study the resonance conditions of
open single axis acoustic levitation system [22]. The
nonlinear behavior of the single axis acoustic levitator
[23] as well as the oscillations of the solid spherical
particle between the driver and the ref lector [24] have
been studied. Andrade et al. [25] have presented a
review on the recent progresses in the field of acoustic
levitation. As discussed in many publications, instead
of using the f lat surfaced driver and ref lector, the
curved surfaced driver and ref lector give better radia-
tion force for acoustic levitation. However, to date, the
detailed study on the effect of radius of curvature of
driver and ref lector surface on levitation force has not
been performed.

This paper presents the finite element study of vari-
ation of radiation force on a spherical levitating object
placed between the driver and the ref lector in the sin-
gle axis acoustic levitation. To validate the finite ele-
ment model, the finite element results are compared
with the experimental results available in [4]. Further,
the effect of the curved surfaced driver and ref lector
on the total radiation force is studied using three dif-
ferent cases and the comparison of the radiation force
with different cases is shown.

NUMERICAL MODELING

Geometry of Single Axis Acoustic Levitator

For the finite element study of the single axis
acoustic levitator, 2D axis symmetric model of COM-
SOL Multiphysics is used because of the symmetry of
the geometry. Single axis acoustic levitation system
consists of a driver and a ref lector. Geometry of the
simple acoustic levitation system is shown in Fig. 1a.

The diameter of the driver and the ref lector is taken as
35 mm and thickness is taken as 10 mm. The driver is
considered as a cylindrical object which vibrates like a
piston and generates the pressure waves. The ref lector
is also a cylindrical object which is only used to ref lect
the pressure waves. Both, the driver and the ref lector,
are considered as rigid. The thickness (10 mm) is pro-
vided to the driver and ref lector so that these can be
easily visualized in the complete geometry (with the
air domain). It also helps in visualizing the driver and
the ref lector when their surfaces are provided with the
radius of curvature. The diameter of 35 mm is selected
so that the numerical results can be compared with the
experimental results available in [4]. Also in paper [4]
experiments are performed with the driver and ref lec-
tor having diameter of 35 mm. The material of the
driver and the ref lector plates is taken as aluminum.
The air gap between the driver and the ref lector is
50 mm. There is a spherical levitating object of 4 mm
diameter between the driver and the ref lector. These
specific dimensions are selected so that the finite ele-
ment results can be validated with the experimental
data available in [4] with same parameters.

Further, to study the effect of curved surfaces
instead of f lat surfaces of driver and the ref lector, three
different cases have been considered. A different
geometry has been used for each case: (1) The surface
of the ref lector kept f lat and the driver surface is con-
sidered as curved surface as shown in Fig. 1b. (2) The
surface of the driver kept f lat and the ref lector surface
is considered as curved surface as shown in Fig. 1c.
(3) Both, driver as well as ref lector, surfaces are con-
sidered as curved surfaces as shown in Fig. 1d. For
each case, the radius of curvature is varied to find out
the optimum value of the radius of curvature for which
the total radiation force is maximum.

Procedure
Initially, the driver and the ref lector are assumed as

flat surfaced. The lower plate of the single axis acous-
tic levitator is considered as a sound source or driver
and the upper plate as ref lector. As discussed in [4], for
the resonance condition, the distance (air gap)
between the driver and the ref lector is kept as 50 mm.
The resonance frequency, which is around 15 kHz for
50 mm air gap, is obtained. So, for generating the
sound waves, the driver is excited harmonically at res-
onance frequency with the normal velocity amplitude
of 1.1 m/s. At 20°C and 1 atm pressure, the values of
different parameters of the air medium are taken as:
speed of sound„343.15 m/s, density„1.2015 kg/m3
and the absorption coefficient„0.330804 dB/m.

For a simple rectangular geometry, the pressure
wave generated by a driver can be represented by the
following linear wave equation [26]
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In this equation,  represents the speed of sound in
the medium and  is the first order acoustic pressure
perturbation. When the distance between the driver
and the ref lector is right and the sound waves emitted
by the driver get ref lected back from the ref lector, the
standing wave is formed due to the resonance. In an
acoustic standing wave, the first order acoustic pres-
sure  can be represented by [26]

(2)

where  is the pressure amplitude and .

In this study, the pressure wave is generated from a
piston like cylindrical driver of diameter 35 mm. A lev-
itating object is also located between the driver and the
reflector. Hence the wave existing in the domain is not
a plane wave. Levitating object is considered an alumi-
num spherical object (bead). Oran et al. [4] have con-
sidered difference in weight on glass bead (fixed)
when/not subjected to acoustic radiation force in air.
Due to lack of material property, we have considered
material to be aluminum (of same geometry). With
respect to air both glass and aluminum are rigid (ZAl =
17.10 × 105 g/(cm2 s), Zglass = 14.5 × 105 g/(cm2 s),
Zair = 42.9 g/(cm2 s)) for sound waves. Therefore, it is
justifiable to use same geometry of fixed bead for find-
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ing radiation force. With these considerations, the res-
onance condition, i.e. the resonance frequency for the
air gap of 50 mm is calculated using finite element
approach. This calculated frequency is used as the
excitation frequency in this study.

Further, for non-resonance condition, the exci-
tation frequency remains same but the distance between
driver and reflector is varied from 50 to 52 mm. The side
boundaries of the acoustic levitator are considered as
open. So, the plane wave radiation condition is
assumed at the boundaries of the air domain so that
there is no ref lecting wave coming back from the
boundaries. The following mathematical expression,
which is derived from Givoli and Neta [27], represents
the plane wave radiation condition in COMSOL Mul-
tiphysics.

(3)

where ,  is the atmospheric pressure,  is
the acoustic radiation pressure,  is the wave number,

 is the density of the medium,  is the dipole source,
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Fig. 1. Geometry of the acoustic levitator (a) with f lat driver-ref lector surfaces, (b) having curved driver surface with f lat ref lector
surface (case 1), (c) having curved reflector surface with f lat driver surface (case 2), (d) having both, driver as well as reflector, as
curved surfaces (case 3).
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