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Acoustic Levitation and Rotation Produced by Ultrasonic
Flexural Vibration
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ABSTRACT

Acoustic levitation induced by ultrasonic flexural vibration at 284 kHz with a vibration amplitude
of 10 micrometers is presented. Levitation of multiple objects along the length of the beam in a gap
of 83 mm which is the half of acoustic wavelength is experimentally demonstrated. Analytical
analysis predicts that levitated objects for the gap of half-the wavelength converges to the center of
the gap, which is experimentally verified. It is observed that levitated objects with well-balanced
mass distribution are set into rotation due to acoustic streaming. For cylinder-shaped Styrofoam with
a diameter of 1.8 mm and a length of 3 mm, measured rotational velocity is 2400 revolution per
minute. Applications of standing wave field levitation (SWFL) include manipulation of biological cells
and blood constituents in biotechnology, and fine powder in material engineering.
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1. Introduction
objects.

%), Acoustic Resonance(&8-34),

levitated by air pressure developed under the
This phenomenon is known as acoustic

Objects in the high-intensity sound field can be
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levitation." ™" There exist two kinds of acoustic
levitation: near-field acoustic levitation (NFAL)""
 and standing-wave-field levitation (SWFL)® ™",
When the propagation of ultrasonic traveling wave
in a medium is obstructed by a planar object,
lifting pressure is developed under the object.
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Then, it is levitated in the direction of the wave
propagation. This kind of acoustic levitation is
called NFAL, and the planarity of the surface of
the object to be lifted is the most important factor
in inducing levitation. Hashimoto'” reported the
levitation of a planar object of 10 kg The
levitation distance is found to be proportional to
the oscillatory velocity of the transducer. and
inversely proportional to the ratio of mass to the
surface area. But the practical limitations of the
transducer confine the levitation distance within
In SWFL,

a standing-wave field is created by the transducer

the order of hundreds of micrometers, "

and reflector pair and objects are levitated and
collected at the pressure nodes of the standing
wave field that occur at every half of the acoustic
wavelength. Also, restrictions on the shape of
levitating objects are not imposed. In other words,
non-planar objects can also be levitated, but the
weight of the objects to be levitated significantly
reduces compared to that of NFAL. Applications
of SWFL include manipulation of biological cells
and blood constituents in biotechnology, and fine
and NFAL is

primarily used for transporting planar objects such

) . . .57
powder in material engineering

as optical disks, silicon wafers, and L.CD panels.”‘
" In most of previous study on SWFL, levitation
is induced inside an enclosed cylindrical container
and the source of ultrasonic vibration stems from
the longitudinal vibration. In this study, SWFL in
an open space employing the flexural ultrasonic
vibration is experimentally investigated. An
advantage of employing the flexural vibration is
that multiple objects can be stably levitated along

the length of a ultrasonically-excited beam.
2. Experiment

2.1 Experimental Setup

The experimental setup shown in Figure 1
consists of vibrating and stationary beams and
modules that contain a piezoelectric actuator and a
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horn. The beam and horn are made of 6061-T6
aluminum. The piezoelectric actuator is a bolted
Langevin type transducer (BLT)® designed to
resonate at 28 kHz. The conical horn is utilized to
increase the amplitude of vibration supplied by the
actuator.
design of the horn and is located at the nodal

A mounting flange is included in the

lines where the velocity of wvibration of the- horn
goes to zero, This allows the mounting of the horn
and BLT assembly onto a supporting base plate
that is in turn bolted to the surface of an
air-driven vibration absorption table. The small
end of the horn is threaded to connect the beam
with the horn using a machine screw. The
dimension of the beam is determined such that
one of the natural frequency of the beam is
located in the vicinity of the resonant frequency
of the thereby
displacement of the beam for a given power

actuator, maximizing  the

supply. Following the classical Euler beam
theory,(g) the determined dimension is 10 mm
wide, 1 mm thick and 128 mm long. From

frequency spectrum analysis of the system, it is
found that the maximum vibration amplitude of
the beam is obtained at an excitation frequency of
284 kHz.

This frequency is selected as the
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Fig. 1 Schematic drawing of experimental setup
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excitation frequency of the system throughout the
is made of
aluminum which is 30 mm thick, 12 mm wide,
and 110 mm long. The location of the stationary
wall is selected such that the gap between the
stationary wall and vibrating beam corresponds to

experiment. The slationary wall

the half of an acoustic wavelength to maximize
acoustic levitation pressure in the gap due to
resonance. Following the procedure of calculating
acoustic resonant gap detailed in the Chapter 3,
the obtained half of the acoustic wavelength is 8.3
mm and wavelength of the vibrating beam is 18.2
mm. To investigate acoustic levitation in the gap,
cylinder-shaped Styrofoarn with a diameter of 2.8
mm and a length of 3 mm is injected in the gap
as in Figs. 1, 2.

2.2 Experimental Results and Discussion

Figure 2 shows stably levitated and rotating
two pieces of cylinder-shaped Styrofoam in a gap
of 83 mm with a vibration amplitude of 10
micrometers at 284 kHz. When a high intensity
sound wave propagates, it propagates like a laser
beam with strong directionality and insignificant
Upon
encountering a boundary, the wave is reflected,

scattering for a short distance of travel.

resulting in a pressure standing wave due to the
interaction with the incident wave. At certain
sizes of gaps, the inferaction becomes significantly
strong and these gaps are called acoustic resonant
gaps. A gap of 83 mm is the half of the
theoretically predicted acoustic wavelength and the
fundamental acoustic resonant gap.

Two pieces of Styrofoam are levitated above
the velocity anti-nodes of the vibrating beam. The
distance between the two levitated Styrofoam is
the half of the wavelength of the vibrating beam.
Calculated wavelength of the beam is 182 mm
according fo the classical Euler beam theory. But
the beam has a stepped shape that serves to
securely connect the beam to the conical horn,
which renders the actual wavelength to slightly

differ from the analytical prediction of the

wavelength. Placing fine ceramic powder on the
surface of the vibrating beam allows the nodal
lines to be identified. The
wavelength corresponds to the half of the distance

experimentally

between nodal lines. The experimentally obtained
wavelength is 20 mm.

At a gap of half the acoustic wavelength, the
center of the gap is not only the pressure nodes
of the sound wave but the stable levitation
location in the gap. Therefore, objects in the gap
converge to the center. Because the high intensity
sound wave propagates with directionality like a
laser beam, it is observed that a region of the
beam
functions as an Iindependent source of vibration,

with
Pressure

involving an anti-node and two nodes

resulting in  insignificant  interaction

neighboring regions as in Fig. 3.

Fig. 2 Acoustically levitated styrofoam
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Fig. 3 Position of stable levitation
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Fig. 4 Acoustic Levitation of Multiple Objects

distribution in the gap is analytically studied in
the Chapter 3. Another characteristic of the high
intensity sound field is steady circular air-flow
called Q019 that

levitated well-balanced

streaming
with
distribution to rotate.
velocity of the Styrofoam using a strobe light is
approximately 2400 revolution per minute with a
which
correlates to a linear velocity of 0.35 meter/second.

acoustic
objects

causes
mass
The measured rotational

vibration amplitude of 10 micrometers,

To investigate the effect of the property of the
stationary wall, the aluminum stationary wall is
replaced with a rectangular Plexiglas block which
is 5 mm thick and 40 mm long as in Fig 4.
Three pieces of Styrofoam are stably levitated at
the center of gap and rotate, But it is observed
that the axes of rotation of the levitated objects
are not identical.

3. Analytical Analysis & Discussion

The pressure distribution in the gap is obtained
by using linear acoustics theory(m and imposing

boundary conditions, &(x, v, ¢)= &,sin(kx)e” !
at v = 0and &(x,y,t) = 0at y = & where

&y vibration amplitude, k. bending wave

number of the beam defined as 2, = 27/, A:
wavelength of beam, ' excitation frequency
(radian/second), i=v=1 . h: gap, # time. The

ok

governing equation for the pressure distribution is
given by the wave equation as

a’p 9'p 193%p
_— -2 =0
ox’ i oy’ ¢ o’ (1)

where c¢: speed of sound
The pressure is assumed to be superposition of
the incident and reflected traveling waves as

p(x,y,1) = Asin(k, x)e"" ™

—i(w+k,y)

+ Bsin(k,x)e (2)

— 2 2 . .
where k. =vk"-k~ ki acoustic wave number

defined as k= w/c, A.B: complex constants
Imposing boundary conditions gives the pressure
distribution in the gap as

cos(k,(h=¥)) _..
- e

w’pg, .
Ly, = k
p(x,y,1) X sin(k,x) — )

¥

where P : density of air

It is noted that when sin k,2=0, the derived
pressure in Eq. 3 goes to infinity. This is because
the viscous effect of the air is not considered in
Eq. 3, causing the pressure to grow without a
the

resonant gap % is calculated as nrl/k, where q

bound at resonance, Therefore, acoustic

=1, 2, 3, «*» To obtain exact pressure distribution
in the gap, Eq. 1 should be modified to take into
account the viscous effect of air, but the inclusion
of the viscous term in Eq. 1 would greatly
increase the complexity of the problem. In
addition, the purpose of derivation in this Section
is not to gain the quantitative measure of pressure
but to obtain pressure distribution in the gap that
enables to identify the resonant gaps and the
pressure nodal lines in the gap. Therefore, the Eq.
3 is used for analysis with minor modification that
at a resonant gap, % is replaced by A+ a where
small number preventing

@ is an arbitrary

pressure at resonance from becoming infinite.
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Figure 5 shows normalized equi-pressure contour
lines when the gap calculated by Eq. 3 is the half
of the acoustic wave length, assuming that « is
0.0001 and the length of the vibrating beam is
one wavelength. The pressure is sinusoidally
varying and Fig. 5
periodically-varying

is a snap shot of the
pressure when the

displacement of the beam is defined as

y(x,)=sinkx  0<x<A_  The numbers on the
confour lines represent the normalized pressure.
The contour lines clearly show the center of the
gap is the pressure nodes where levitated objects
converge. Equi-pressure contour lines for a gap of
one full acoustic wavelength are shown in Fig. 6.
Two pressure nodal lines exist, one at ¥ = 4.1
mm and the other at y = 124 mm that would
be stable levitation positions in the gap where
levitated objects converge. An increase in the size
of the gap would cause the intensity of the sound
pressure to drop. As a result, the levitation force
for the full acoustic wavelength would decrease
compared to that of the half-acoustic wavelength.

Moreover, the gap should be greater than the
quarter of the acoustic wavelength to induce
acoustic levitation because the pressure nodal line
does not exist for the gaps smaller than the
quarter of the acoustic wavelength, The locations
of the pressure nodal lines at resonant gaps are
odd multiples of a quarter of the acoustic wave
(2n—1)A/4, where » = 1, 2, 3,
With a vibration amplitude of 10 micrometers

length, ie.

which is the maximum amplitude that the current
experimental apparatus can produce, the acoustic
levitation of Styrofoam is observed only for a gap
of the half of the acoustic wave length because a

decrease in the intensity of the sound pressure'

field increase of the gap
significantly reduces the levitation force. But, as

resulting from the
analysis predicts, if the vibration amplitude is
increased, acoustic levitation at all the pressure
nodal
possible.

lines present along the gap would be
A characteristic of acoustic levitation

induced by the ultrasonic flexural vibration is that

multiple objects can be levitated without
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interfering the levitation of the neighboring
objects along the pressure nodal lines present in
the beam length’s direction while the longitudinal
rod vibration induces only single object levitation.
Repeating pressure patterns occurring at every half
of the length contribute to the

levitation of multiple objects.

beam wave

Rotation of levitated objects is caused by
acoustic streaming that is circular air-flow created
by the the

interaction sound
(3)

loss associated with
the
waves and the physical boundaries. Lo et. al

derived the limiting velocity that creates acoustic

frictional

between high-intensity

streaming in the gap as

2
Uimir 3ot S sin 2k, x
l6nl\h

4)

Uini is used as a slip velocity at the solid

by assuming Stokes boundary layer

an

surface
thickness negligible.

Theoretically, there exist two acoustic streaming
patterns symmetrical with respect to the anti-
nodes in every half-wavelength interval along the
length of the beam as illustrated in Fig. 7.

Because acoustic  streaming patterns are
symmetrical, levitated objects should stand still
above the anti-nodes. But induced acoustic

streaming patterns are not perfectly symmetrical,
owing to the non-uniform thickness of the beam
and the gap. As a result the levitated objects spin.

4_ Conclusions
Acoustic levitation of multiple objects using
ultrasonic flexural vibration is experimentally and
analytically investigated. From analytical analysis,
it is found that when the gap coincides with the

odd multiples
wavelength, the sound pressure in the gap is

of a quarter of the acoustic
drastically increased due to resonance and the
objects can be levitated at the pressure nodal lines
in the gap. Experiments involving cylinder-shaped

rot

Styrofoam reveal that multiple objects can be
stably levitated without disturbing the levitation of
adjacent objects. Due to the straightly-propagating
characteristic of the sound pressure wave induced
by ultrasonic vibration, the sections of the beam
spanning a node to adjacent node, which is
quarter-wavelength  long, act as individual
vibration sources and create acoustic levitation
above the velocity anti-nodes in each sections.
Levitated objects are also set into rotation that is
attributed to acoustic streaming. It is envisaged
that acoustic levitation of multiple objects created
by ultrasonic flexural vibration can be applied to
non-contact manipulation of small-scale nonmetal
objects and the formation of micro-spheres that
can be produced by rotation induced by acoustic
streaming without the interference from the

contacting wall and gravity.
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