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The purpose of the levitation process is to neutralize the gravitational force on the sample with the
help of a non-contact force and levitate the sample in the air without contacting the secondary
surfaces. The benefits of eliminating the contact of a substance with external surfaces have led to
the attention of the levitation process. Considering that among the levitation methods, ultrasonic
levitation is the only method that can be applied to materials with different physical properties and
geometries, levitation of the material in the liquid phase can also be done with the help of this
method. The potential of ultrasonic levitation of liquids for use in cases such as pharmaceuticals,
biology, controlling the structure of matter, etc., has led to several researches in the field of
improving the conditions of this process. In this article, an attempt has been made in the first part
to review the theory and analytical relationships of the ultrasonic levitation process, and then in
the second part, the studies conducted in the field of improving the conditions of the levitation
process and the factors affecting it have been examined. Finally, the future of research in this field
has been looked at.

Extended Abstract

1. Introduction

and the effect of external surfaces on the properties of the material. In the levitation process, by applying

E liminating the contact of a material with secondary surfaces eliminates factors like friction, energy loss

a non-contact force with the opposite direction of the gravitational force and the same size to the material,
the material can be levitated at the point of application of the force. Therefore, levitation methods are classified
based on the force used, which include levitation using magnetic, optical, compressed air, electricity, and ultrasonic
waves [1]. acoustic levitation method, unlike other levitation methods, has the ability to suspend materials with
different physical properties and shapes, and for this reason, it can be used in a wide range of cases [2]. acoustic
suspension also provides the possibility of levitating liquids, as a result of which this method is used in cases such
as pharmaceutical sciences, chemistry, biology, etc. [3]. Ultrasonic suspension can be done by two methods,
standing waves and near zone, but due to more accuracy in positioning and better control of the suspended sample
in the levitation method with the help of standing wave, in this article, this method and related articles are examined
and reviewed take.
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66 years after that the levitation of solid particles using ultrasonic waves was first discovered by Kundt [4] in 1866,
the possibility of droplet levitation using this method was reported by Blicks and Muller [5] in 1933. Achieving a
mathematical model of the ultrasonic levitation process, in addition to understanding the process, can also play an
important role in studying the factors affecting it. The first mathematical model to calculate the force of ultrasonic
waves on a particle was presented in a simple form by Rayleigh [6]. In 1934, King [7] obtained a relation to
calculate the force acting on a small, solid particle at a compression node from standing waves, which was
improved by other researchers in the following years [8-13]. But Gor'kov [14] in 1962 obtained the force on the
suspended particle based on the ultrasonic force potential.

The potential of ultrasonic levitation in order to suspend various liquids without contact with the wall or any
second body makes it useful in research in fields such as chemistry [3], biology [15], measurement of sample
properties [16], separation of two substances [17]. structure control [18], vaccine making [19] and so on.

2. Theoretical background

In order to levitate a particle at a point, it is necessary that the result of the forces acting on the particle at that
point is equal to zero. In acoustic levitation, the force of the ultrasonic waves must be equal to the sum of the forces
of gravity, drag, and buoyancy. Therefore, to understand the ultrasonic suspension process, it is necessary to
understand the mentioned forces.

3. Acoustic radiation force

If two sources of wave propagation are opposite each other and at a distance equal to the multiple of half the
wavelength (H=n(A/2)), produces transient waves with the same properties, then the two waves form a standing
wave. Also, according to Figure 1 placing a reflector in front of the wave propagation source equal to the mentioned
distance also leads to the formation of a standing wave, and as a result, the particle can be suspended in the pressure

node.
reflector I—l
I |

>
>

transducer Standing waves

Figure 1. Standing waves and levitation system presented by [20]

In the process of levitation with the help of a standing wave, the waves produced by a continuous medium (air)
are propagated and when the desired object is placed at the pressure node points of this wave, the necessary force
for suspension is applied to it. The accurate calculation of the amount of the applied force requires the solution of
the wave equation according to the initial and boundary conditions. Rayleigh [6] in 1902 calculated for the first
time the average pressure produced by the vibration of a rod in terms of time. But the calculation of the effective
force on a particle in the suspension process requires the exact solution of the wave equation according to the
initial conditions of the suspension. In 1934, King [7] obtained the force of static ultrasound waves on an object,
provided that it is spherical and much smaller than the length of the waves. He used concepts such as continuity,
fluid state and Euler's equation to calculate this relationship. He considered the force caused by the standing waves
to be more than the transient force with similar conditions [7].

Westervelt [8-10] was able to obtain the force from standing waves to the body placed in a node for any
geometry by developing King's relations and proposed an integral relation for this purpose. He also calculated the
energy dissipated at the particle level. estimated Embleton [11, 12] in 1954, based on King's relations, expressed
relations for the force of spherical and cylindrical transient waves. In 1955, Yosioka [13] considered the
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compressibility of the solid particle and improved King's calculations according to it, he also mentioned the
tendency of the released bodies to settle in the knot. Hasegawa [22] in 1969 considered the effect of the elasticity
of the body as well as the absorption of some wave power by the body to improve the force calculation. Another
important result mentioned by Hasegawa was the ability to suspend an object larger than a wavelength.

In 1962, Gor'kov [14] worked differently from King to calculate the force of ultrasonic waves and after
assuming air as an ideal fluid, he calculated the force on the spherical sample using the potential force of the waves.
It is noteworthy that Gorkov's relationship can be used to calculate the force on solid particles and droplets [14].

4. Investigating and improving factors affecting the levitation process

It is worth mentioning that the type of components and the geometry of the components of the ultrasonic
levitation system (transducer-reflector) can affect the conditions of the levitation process such as the duration of
the suspension of the object, stability, speed, etc., so extensive research is needed to achieve the set suspension
has been done under the best working conditions, the most important of which are mentioned in this section. In
1946, Hanson et al. [29] replaced the flat reflector with a curved reflector, which increased the force concentration
at the point of levitation of the droplet. Also, they were able to suspend droplets up to a radius of 3 mm. In 1974,
Wang et al [30] were able to suspend the sample and apply heat to the sample with the help of a suspension set
including three transducers. They introduced this suspension method suitable for use in space research. Weimark
[31] in 1975, using a furnace around the suspension assembly, controlled the suspended sample by applying
melting heat and changing its shape by changing the ultrasonic force. They measured the amount of ultrasonic
power was applied to the droplet by changing the distance between the transducer and the reflector. In 2001, Xie
and Wei [32] obtained the optimal value for the reflector bending in the suspension assembly according to the
suspension basics and were able to suspend a tungsten sample as a high-density particle in this assembly. Otsuka
and Nakane [33] in 2002 reported that the exertion of two forces of gravity and ultrasound waves into the levitated
droplet lead to its deformation. They also mentioned that the increase in frequency accelerates the collapse of the
droplet. In 2009, Weber et al. [34] were able to suspend a droplet of water for one hour using two transducers in
front of each other and were able to examine the structure of the drop during the suspension. They also mentioned
that each temperature increase in the converter causes a 4 Hz change in the resonance frequency of the set. In 2011,
Bear et al. [35] proved that the use of a transducer with a curved surface, along with the use of a curved reflector
as shown in Figure 3, significantly improves droplet oscillation during suspension. According to the data recorded
at the same time (Place the drop in the knot for 25 seconds), the dropped droplet in the assembly with the curved
transducer surface experienced an oscillation amplitude close to half of the oscillation amplitude of the suspended
drop in the assembly with the flat transducer.

M curve reflector

curve transducer

Figure 2. levitation set with two curved surfaces presented by [35]

5. Liquid levitation applications

After the possibility of levitation of liquids by standing waves [5] was reported in 1933, a wide range of
possible applications for it was proposed. Measuring the properties of suspended droplets is one of the properties
of liquid suspensions. In 1995, Bayazitoglu [45] proposed the measurement of the surface tension of a suspended
drop based on the amount of change in the shape of the drop as a result of forces applied to it. Tian et al [46] in
1995 proposed the magnitude of the surface tension of a suspended droplet based on its fluctuation rate before
reaching stability at the node. Shen et al [16] in 2010 were able to calculate the surface tension of the drop very
close to the results of other methods by improving the Rayleigh relations and recording the behavior of the drop
according to the amount of force applied to it. Mixing and transfer of droplets can be mentioned as another
application of the ultrasonic liquid suspension process.

Mechanics of Advanced and Smart Materials Journal 3(3) (2023) 310 — 324



313  Abbas Amoochi, Mohammadreza Sheykholeslami, Rafat Mohammadi, Siamak Mazdak

Same transducers

o T T

I ] [ ] [ l
droplets —_— 0 @ °
I
reflector
transducer

Figure 3. A suitable system for mixing and moving samples presented by [37]

In 2012, Ding et al [49], were able to use a 65 mm long aluminum plate connected to the transducer as a wave
generator and a cut tube as a reflector, according to the phase difference created in the wave, to create, and move
the drop along the plane.

5. The future of acoustic levitation

Along with the advantages of ultrasonic levitation, such as the ability to accurately control the location and
speed of movement, improvements and advances in the design and construction of levitation assemblies have led
to more accurate control of the process of ultrasonic suspension of liquids. As a result, applications such as use in
special production processes, material handling in production and pharmaceutical lines can be made possible by
conducting research on the factors affecting the drop shape change during levitation and controlling them, how to
increase stability and improve the collection.
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