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Ultrasonic levitation, as an advanced non-contact particle manipulation technology, has gained
prominence in modern research due to its independence from material physical properties and
extensive applications in fields such as pharmaceuticals, microelectronics, and sonochemistry.
However, optimal utilization of this technology requires a deep insight into parameters affecting
particle stability and dynamics. In this study, the impact of initial particle release position—a less-
explored key factor—on the dynamic behavior of particles levitated in an ultrasonic levitation
system was investigated. Acoustic pressure at 20 kHz was modeled using Multiphysics simulation
in COMSOL software, and the behavior of 20 polypropylene particles (diameter: 3 mm, density:
910 kg/m?) at various initial positions (ranging from 0.23 to 8.01) was analyzed. Drag forces,
acoustic pressure forces, and gravitational forces were considered effective forces. Results
revealed that particles released near pressure nodes exhibited the lowest oscillation amplitude and
shortest stabilization time. As the initial release distance from pressure nodes increased, both
oscillation amplitude and stabilization time increased. This factor’s influence on stabilization time
was more pronounced near the reflector than near the transducer, indicating that particles released
close to the reflector achieve a more stable levitated state compared to those released close to the
transducer. Experimental validation showed significant agreement with simulation results.

Extended Abstract

1. Introduction

Itrasonic levitation is an advanced technology used for non-contact manipulation of particles, allowing

them to be levitated in a fluid medium, typically air, using standing acoustic waves that create pressure

nodes and antinodes. By eliminating physical contact with external surfaces, this method reduces the risk
of contamination often associated with traditional particle handling techniques. This technology is leading to
significant advancements in sensitive fields such as microelectronics and biomedicine [1]. Recent systematic
reviews highlight the increasing importance of ultrasonic levitation in levitating liquids and colloidal particles,
particularly in applications related to microfluidic systems and targeted drug delivery
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The extensive applications of this technology—spanning fields such as medicine (cell separation, targeted drug
delivery), materials science (uniform nanoparticle synthesis), and analytical chemistry (contaminant-free
reactions)—arise from distinct advantages, including independence from particle characteristics (e.g., electrical or
magnetic conductivity), high mechanical precision (up to micrometer scale), and compatibility with sensitive
chemical substances [3-5]. For example, in the semiconductor industry, ultrasonic levitation effectively manages
delicate silicon wafers without causing surface abrasions [6], whereas in the pharmaceutical sector, it enables
controlled nucleation and crystallization studies of drugs, eliminating interference from containment [7].

Despite its considerable potential, the widespread adoption of industrial applications necessitates overcoming
significant challenges related to control and stability. Positional oscillations of particles diminish precision in
material processing applications [8]. Achieving precise particle control is essential for various operations,
including levitation, transport, coagulation, mixing, separation, evaporation, and extraction within microfluidic
systems. Although the advantages of acoustic control are apparent, there remain obstacles in improving stability
and control accuracy to facilitate broader applications [9]. Multiple factors, including operating frequency, applied
voltage, transducer-reflector distance, and particle size, play a critical role in influencing levitation dynamics.

Barrios & Rechtman (2008) [10] reported that increasing particle-to-fluid density ratio shifts particles toward
lower pressure nodes and intensifies nonlinear oscillations. Geometric parameters also significantly affect
performance: Foresti et al. (2011) [11] observed substantial changes in acoustic potential distribution and stable
levitation zones when altering transducer-reflector distance. Amouchi et al. (2024) [12] demonstrated that higher
viscosity and density reduce oscillation amplitude and accelerate stabilization. Rotelsberger et al. (2022) [13]
showed that higher operating frequencies disrupt acoustic fields and impair particle stability. Other studies confirm
that applied voltage (via acoustic pressure modulation) [14] and particle size determine stability and positioning:
particles smaller than half-wavelength stabilize at pressure nodes, while larger ones migrate toward antinodes [15].

The role of initial release position—a critical factor influencing trajectory, stabilization time, and ultimate
stability—remains inadequately explored. Current research primarily focuses on the effects of unbalanced release
positions that lead to particle ejection from levitation zones [16].

This study integrates multiphysics simulation using COMSOL's Acoustics and Particle Tracing modules with
experimental validation to examine the relationship between initial release points and particle dynamics. Through
the implementation of coupled physics simulations and the establishment of specialized parameter definitions, we
offer comprehensive insights into these dynamics to enhance the efficiency of ultrasonic levitation. The
simulations indicate two significant outcomes associated with an increased distance from pressure nodes: notably
larger oscillation amplitudes and extended stabilization times.

2. Methodology

3D simulations employed a cylindrical levitation gap with parallel plates: a piezoelectric transducer (top, hard
acoustic boundary) and reflector (bottom, harmonic displacement source, amplitude = 10 pm), separated by half-
wavelength. The mesh size was A/10. Figure 1 shows the calculated acoustic pressure based on defined parameters.

Particle trajectories of 20 polypropylene particles (p = 910 kg/m?, r =3 mm) under gravity, acoustic radiation,
and drag forces were analyzed. Particles were released randomly (0.23-8.01 mm) based on acoustic field data.
Figure 2 shows their positions after 10 s.

Parameters a, b, and c (referencing [ 17]) were defined to quantify behavior:
a: Area above the mean displacement line (dominant upward forces)

b: Area below the mean line (dominant downward forces)

c: Ratio a/b

Validation compared simulation results with experimental data from Dehghani et al. [17].
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Figure 1. Sound pressure distribution contour in the levitation gap of half a wavelength
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Figure 2. Location of particles in the levitation gap after 10 seconds
3. Results
Only 8 of 20 particles achieved stable levitation. Key finding is summarized as follows:
e  Oscillation Amplitude

Simulations reveal that the further the initial release point lies from the node, the larger the initial oscillation
amplitude. The oscillation amplitude of particles in three different intervals is shown in Table 1. As shown in Table
1, this effect diminished after ~2 s as particles approached equilibrium. In addition, the distance of the release
point causes more initial disturbances and trajectory irregularity.

Table 1. Initial position of suspended particles along with oscillation amplitude in three different intervals

nitial position Distance from OiscillaFion O_scillaFion Os_cillatic_:)n Stability time o
(mm) the pressure amplitude in 0-1 s amplitude in 1-2's amplitude in 9- (s) Rise time (s)
node (mm) (mm) (mm) 10 s (mm)

0.45 3.83 4.41 0.21 0.014 2 0.048
1.4 2.88 3.077 0.22 0.014 1.55 0.024
1.89 2.39 2.71 0.21 0.012 1.32 0.036
3.8 0.48 0.46 0.19 0.010 1.22 0.044
4.04 0.24 0.72 0.18 0.013 0.89 0.008
4.8 0.52 1.80 0.38 0.012 1.19 0.108
5.17 0.89 213 0.22 0.014 2.16 0.009
7.99 3.79 4.61 0.64 0.015 3.26 0.64

e Stabilization Time

Particles released near the node traverse shorter distances, resulting in shorter stabilization. Figure 3 compares
the stability of two representative particles (positions 4.04 and 9.97 mm), indicating that the latter—farther from
the node—requires significantly more time to stabilize. Furthermore, distance above the node (near the reflector)
delays stabilization more than equivalent distance below the node (nearer the transducer). Figure 4 contrasts
particles at 4.50 mm versus 9.97 mm, each ~3 mm from the node: although both exhibit similar initial disturbances,
the lower-positioned particle stabilizes faster.
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Figure 3. Comparing the stability of two particles with positions 4.04 and 7.99

—7.99
8 —0.45

Displacement-Z(mm)
o

0 4 T T T
0 0.25 0.5 0.75 1 1.25 1.5
Time(s)

Figure 4. Comparison of two particles with positions 0.45 (below the pressure node) and 7.99 (above the pressure node)
Force Dynamics (a, b, ¢)

Particles released above the node exhibit b>a and c¢ > 1, indicating dominance of downward forces; those
released below the node show a>b and ¢ < 1, reflecting dominance of upward forces. Notably, particles released
slightly below the node (3.08 and 4.04 mm) displayed b>a and ¢> 1—a reversal attributed to gravitational
equilibrium being located just beneath the node. Greater release-node distances amplify a—b disparities,
underscoring increasing oscillatory asymmetry further from equilibrium.

4. Experimental Validation

A strong correlation between simulated and experimental trajectories was observed. The mean relative error
between the ¢ parameter was 2% confirming model accuracy despite minor amplitude discrepancies from nonideal
experimental conditions.

5. Conclusion

The analysis results indicate that the amplitude of the initial oscillations exhibits a significant increase as the
distance of particles from the pressure node (equilibrium point) grows. Conversely, this increased distance also
extends the time required to attain stability. This effect is notably more pronounced at the upper sections of the
node, which are closer to the reflector, in comparison to the lower sections nearer to the transducer. Examination
of the dynamic parameters (a, b, c) reveals that particles situated above the pressure node demonstrate higher b
value, indicative of dominant downward forces with ¢ values greater than one. In contrast, particles located below
the node exhibit a higher a value, reflecting prevailing lifting forces with ¢ values less than one. Furthermore, the
experimental validation has yielded an average relative error of 2%, demonstrating an acceptable correlation with
the simulation results.
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