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Abstract
The comprehension of physical wave phenomena is imperative for students in
the fields of engineering and basic sciences. Laboratory experiments that
involve generation of acoustic waves can be used to explain advanced non-
linear wave phenomena. Acoustic levitation is a method for stably suspending
and trapping objects in mid-air using acoustic radiation forces. This paper
discusses an experimental apparatus that offers an economical means to
demonstrate the acoustic levitation of polystyrene particles while enabling the
investigation of stability and nonlinear dynamics of the trapped particles.
Additionally, this platform offers the potential to examine other phenomena,
such as the interaction forces between multiple acoustically levitated particles.
The mechanical design of the system along with the data acquisition and
control techniques are thoroughly explained.
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1. Introduction

The graduate curricula in engineering schools contain multiple physical wave phenomena
such as electromagnetics. However, there is generally less focus on acoustics, especially
nonlinear acoustics [1]. Nonlinear acoustics deals with situations where the presence of the
sound wave has an effect on the properties of the medium through which it propagates. To
address this gap, we developed an experimental platform at our institute to demonstrate one of
these nonlinear phenomena—standing wave acoustic levitation [2]—and use this platform to
characterize nonlinear acoustic forces by studying the dynamics of levitated particles.

Standing wave acoustic levitation is achieved by nonlinear acoustic radiation forces that
counteract gravity and trap objects steadily in fluids [2-6]. These forces emerge due to
acoustic radiation pressure, which is the pressure impinging upon objects in an acoustic field.
The acoustic field is often considered linear, thus the field can be described as a sum of
harmonic waves [7]. The acoustic radiation pressure also comprises harmonics, and each
harmonic term averages to zero over a cycle, as shown in equation (1)

. 1 T . n
(sin 2ft)) = Ffo sin@nftydr = 0, T=7, neN. 1)

Acoustic levitation occurs due to continuously generated forces, which suggests that the
averaged acoustic radiation pressure over a cycle is non-zero. Indeed, due to nonlinear
phenomena, the harmonic waves are not pure sinusoids [1, 7]. As a result, the time-averaged
acoustic pressure does not cancel out, and the resulting forces acting on small particles can be
used to trap them in mid-air [4-6, 8]. The associated nonlinear phenomena are often negli-
gible, but they are significant at high frequencies and high pressure. Acoustic levitators (ALs)
are designed to operate at ultrasonic frequencies (i.e. above 20 kHz) and high-pressure levels
so that the nonlinear phenomenon is strong enough to enable trapping.

Standing wave ALs are used for contactless handling of delicate specimens to avoid
contamination in chemistry [9], microscopy [8], and for the study of organisms in micro-
gravity [10, 11]. They generally require relatively expensive components such as Langevin
transducers [12], power amplifiers, and signal generators. Recently, Marzo et al introduced
TinyLev, a low-cost multi-emitter single-axis AL that operates in air [6]. TinyLev comprises
72 low voltage (20 Vpp) ultrasonic transducers [13] operating at 40 kHz along with 3D
printed parts and low-cost electronics. This system is commercially available and can be
easily built in a research laboratory, democratizing the study of acoustic levitation. Inspired
by the accessibility of TinyLev, we designed an even simpler AL system that works with two
transducers.

Graduate students at our institute are provided with a custom-designed platform (figure 1
and video 1) to study acoustic levitation and characterize the dynamics of the problem. They
are also asked to explore how the AL can be utilized as a robotic end-effector [5] for high-
speed contactless manipulation. ALs have inherent limitations when it comes to the speed of
particle manipulation. In our platform, the transducers create axisymmetric acoustic traps as
shown in figure 2(a), which apply strong forces in the direction counteracting the gravity (z),
whereas the forces in the radial direction () are considerably lower (figures 2(b) and (c)). As a
result, not to lose the trapped object, the AL must be translated slowly in every direction other
than z. To overcome this limitation, an angular degree of freedom () was added to the system
in a way that the AL can be rotated and translated (u) (see figures 1 and 3 and video 1).

In section 2, we introduce the underlying theory of acoustic levitation and derive the
governing equations of motion for a trapped particle. In section 3, we describe in detail the
experimental apparatus and the design of mechanical, optical, and acoustic components. In
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Figure 1. Images of the experimental apparatus showing different mechanical,
electronic, and optical components. The scale bar is 5 mm.
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Figure 2. Numerical simulations of the acoustic levitation system excited at 40 kHz.
The panels show (a) the axis-symmetric cross-sections of the normalized Gor’kov’s
potential, and the normalized acoustic radiation forces (b) along z and (c) along r axes.
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Iez

Figure 3. A schematic illustration of the acoustic levitator that is translated and rotated.
The peach-colored circle represents the levitated particle, and the green arrows show
the coordinate system.

section 4, we provide experimental results demonstrating the characterization of the acoustic
trap and the importance of adding a rotational degree of freedom for stable trapping. In the
last section, a discussion on future improvements is presented with conclusions drawn from
the analysis and results.

2. Theory

2.1. Acoustic radiation forces

Deformable and rigid elements in acoustic fields are subjected to pressure fluctuations due to
the acoustic waves impinging their surface. For many applications, the acoustic field can be
approximated as linear, thus the acoustic waves can be described by the linear acoustic wave
equation. In this case, the acoustic waves are harmonic (i.e. sinusoidal), however, in practice,
the field and waves are nonlinear. As a result, the acoustic waves and resulting pressure
fluctuations are not symmetric in time, and a net force emerges—acoustic radiation force. To
compute the force in the general case, the stress over the surface of the element is integrated,
and then time averaged. Further details are provided in supplementary note 1.

Computing the stress and resulting acoustic radiation forces is a complicated task, as one
needs to consider the acoustic field, the element geometry, and its movement (i.e. translation,
rotation, and deformation). However, for a small rigid spherical particle with a radius sig-
nificantly smaller than the acoustic wavelength (a < ) and assuming that the acoustic field
consists of standing waves, the forces can be estimated using Gor’kov’s theory [14, 15],
which was developed for the general case of a compressible sphere. According to the theory,
if both the acoustic field in the absence of the sphere, as well as the physical properties of the
fluid and the particle, are known, a potential field can be computed. The spatial derivatives of
the potential give the acoustic radiation forces acting on the sphere, as follows:

F = -V, 2)
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where the potential is computed as:
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Here a is the radius of the sphere, py, and p), are the fluid and the sphere densities respectively,
¢o and ¢, are the speed of sound in the fluid and sphere respectively, and p; and u, are the
acoustic pressure and acoustic velocity at the center of the sphere when it is not present. The
angled brackets operator represents time averaging, similarly to equation (1).

2.2. Nonlinear dynamics—governing equations of motion

To develop the model describing the particle’s nonlinear dynamics, we assumed that the
particle is subjected to acoustic radiation forces, drag force, and gravity. We neglected the
rigid body rotation and acoustic streaming [16, 17], a nonlinear acoustic phenomenon in
which mean flow is generated. Considering only the translation and rotation of the AL and
using the coordinates as shown in figure 3, the position of the particle is:

q=[u+ rcos(d) — zsin(d)]e; + [r sin(0) + z cos (0)]e,. “4)
The kinetic energy is:
T= %(;ﬁ + 2+ 22+ 2020 + [r2 + 22107 + 2¢[cos (O)it — 0]
—24{z sin(0) + O[r sin(0) + cos(0)z]}), (5)

where the overdot represents the derivative with respect to time, and the mass is:

m = %71’(13[)17 (6)

The potential energy including Gor’kov’s potential becomes:

V = Ugs(z, r) + mg[r sin(0) + z cos(0)], @)

where g is the gravitational acceleration, and we modeled the drag force as the drag acting on
a smooth sphere:

1 q
F, = ——pyma® |qcs(Re)——,
27" |4l
i 2
re _ Il 220 ©
Ho

Here c, is the drag coefficient [18], which is a function of the Reynolds number (Re) that
depends on the particle velocity through the air. Next, using the Lagrange equations, we
derived the following equations of motion:
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where Ug ,, and U, ; are the spatial derivatives of Gor’kov’s potential with respect to » and z.

3. The experimental apparatus

The experimental apparatus was designed to have a small footprint and operate at relatively
low velocities with observable displacements so that the dynamics can be studied without
special equipment. The system was designed to operate at a maximum oscillation frequency
of 5 Hz not to rely on high-speed imaging. We used a digital camera [19] together with a lens
[20], and a low-cost light source [21] to observe the workspace. We processed videos with
custom computer vision software to make quantitative measurements of particle motion.

The AL operates at an ultrasonic frequency; thus, the human ear cannot hear the sound. It
was designed to generate strong trapping forces in the z-direction and weaker ones in the
radial direction. When the apparatus oscillates laterally (i), trapped particles fall under certain
conditions, but do not fall when it is simultaneously rotated () at certain velocities, as
discussed in section 4.

3.1. The AL

The levitator consists of two low-cost ultrasonic transducers [13] that are excited at 40 kHz.
The distance between the two transducers and the phase of the input signal were carefully
tuned to generate three acoustic traps as shown in figures 1 and 2. For simplicity, consider a
1D AL, where traveling waves are generated by the transducers (see figure 4). The distance
between them and their relative phase, either in phase or out of phase, change the potential
field, thus the position of the traps and their existence altogether. The acoustic traps are
formed at the pressure nodes of the total pressure field [3], which are located half wavelength,
A/2, apart. Therefore, for an odd (even) number of traps, the transducer should be spaced
apart by an odd (even) number of A/2. In addition to the distance, the phase plays an
important role, as either constructive or destructive interference occurs leading to either a
standing wave (figures 4(b) and (c)) or a perfect cancelation of the pressure field (figures 4(a)
and (d)), respectively. To obtain an odd number of traps, the transducers should be excited out
of phase (figure 4(b)), while for an even number of traps, they should be excited in phase
(figure 4(c)). We designed the AL to have three traps, where the middle trap coincides with
the rotation axis.

To set the distance between the transducers, we numerically simulated the acoustic field
using commercial software (MATLAB) and an open-source boundary elements method
package (OpenBEM [22]). We systematically swept the distance between the transducers, and
estimated when the acoustic cavity (i.e. the region between the transducers) is resonating by
computing the acoustic power [23]. The results when the transducers are in and out of phase
are shown in figure S2. It was numerically found that the optimal distance between the
transducers should be 14.3 mm. This result was validated experimentally using a setup where
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Figure 4. A schematic illustration of the acoustic pressure in the cavity of a 1D acoustic
levitator. Each panel shows the pressure fields generated by the bottom (blue), the top
(orange dashed) and their sum (yellow) for different cases. The positive (+) and
negative (—) superscripts indicate the transducer’s phase. (a) The transducers are 1.5
wavelength () apart and they are operated in phase. The system does not generate any
traps. (b) The transducers are 1.5 A apart and out of phase. Three traps are formed
inside the cavity. (c) The transducers are 2 \ apart and in phase. Four traps are formed
inside the cavity. (d) The transducers are 2 \ apart and out of phase. The system does
not generate any traps.

the distance between the transducers could be continuously changed with a linear stage figure
S3. The lowest input voltage enabling levitation was registered for different distances, and we
found that the optimal distance is 14.8 mm (R.E. of 3.4%). In the final experimental appa-
ratus, the component holding the transducers was 3D printed to have low inertia as discussed
in section 3.1.

3.2. The mechanical design

To realize the translational and rotational motion of the AL in a controllable manner, we
chose to use a motorized linear belt drive [24], and a small stepper motor [25] (figure 1). For
the given inertial loads, the motorized belt drive and stepper motor were chosen to generate
the required velocities and accelerations. The stepper motors allow open-loop position con-
trol. The micro-stepping drivers [26, 27] enable sufficient smooth motion of 0.0675 mm/step
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Figure 5. Snapshots from two different levitation experiments, performed without and
with rotation. The trajectories of the particle, the bottom marker, and the top marker are
shown in green, blue, and red, respectively. (a) The levitation is system is not rotated.
(b) The maximum rotation amplitude is set to 28°.

and 0.45 deg/step. The different mechanical components are bolted to an aluminum bread-
board [28], which rests on four adjustable feet [29] enabling levelling of the apparatus.

3.3. Control and data acquisition

The system is controlled by a low-cost microcontroller [30], which sends stepping commands
to the motor drivers. We mounted limit switches at both ends of the linear stage to stop the
system when pressed and move the AL to the center, as a safety measure. The commands are
communicated from a PC directly to the microcontroller.

The position and orientation of the AL as well as the particle position are obtained by
processing the recorded images. The camera is calibrated using the MATLAB Camera
Calibration application of the Computer Vision Toolbox to obtain the camera parameters and
the pixel-to-mm ratio. The particle and markers on the AL are tracked using a subpixel image
registration algorithm [31]. Figures 5 and S6 show examples of processed videos and tracking
of features.

4. Experimental results

Characterizing the acoustic trap is a crucial step that is required to understand the particle
dynamics. To do so, one may consider measuring the acoustic field directly with a micro-
phone; however, it is not a trivial task. It requires a microphone with high sensitivity at
40 kHz that has a small size not to interfere with the field (d < A ~ 8.6 mm) and a high-
resolution 3D positioning system. Alternatively, an opto-acoustical computational tomo-
graphy method can be used [32]. However, this method requires a unique setup and expensive
equipment such as a laser Doppler vibrometer [33]. To provide a practical solution for the
graduate laboratories, we relied on numerical simulations of the acoustic field topology, and
hence the trapping forces (figures 2(b) and (c)).

To estimate the forces, we measured the static displacement (r, z;) of Styrofoam particles
with known radii and density (31 kg m ) for different voltage values, where the potential is
proportional to the input voltage squared, V> [4]. From equation (9), the particle should satisfy
the following equations
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Figure 6. Experimental and simulated data showing the relative positions of three
different particles (a; = 1.59 mm, a, = 1.83 mm, a; = 1.45 mm). The positions of the
particles (a) along z and (b) along r axes with respect to the input voltage. (c) The
relative Euclidian distance error between the experimental data and numerical
simulations that were computed with the optimal Gor’kov potential.

V2aUY . (r, z,) = mg sin(0), V?aUS.(r, z,) = —mg cos (). (10)

where UQ is the numerically computed Gor’kov potential, and it is assumed to be
proportional to the actual potential, (i.e. aU& = Ug). The static displacements, angle 6, mass
m, and voltage can be experimentally measured, and compared to numerical simulations to
estimate « and obtain Ug. This was done by solving an optimization problem in MATLAB
using the Optimization Toolbox. The following cost function was minimized:

N o wi | AY™ = AP
min -3 RE/, RE/ = | 20— 20 | (1
@ i=1 AT
where
A" = IR — rm DR + [y — DR
APP = \Jrgh — 1 (VP + [0 — 2% (V)PP (12)

The exact position of the trap in the image plane is unknown; therefore, we chose to
minimize the difference between the position distances for different voltage values, and not
the absolute position. After the estimation process of «, for particles with radii of 1.59, 1.83
and 1.45 mm, the numerically simulated and measured static deflections for different voltage
values are shown in figures 6 and S4. The agreement is satisfactory, and it captures the nature
of the problem. One of the reasons for the discrepancies is the deviation from the theory.
According to the theory, the sphere’s radius should be much smaller than the acoustic
wavelength, whereas here A/a =~ 5. This is clearly visible from the data that was used to
estimate « (figure S4) because particles with different radii and the same density should settle
in the same position, as computed in the simulations. This is because spherical particles are
subjected to acoustic forces and gravitational forces that are proportional to their volume,
according to the theory (equation (3)). It is interesting to note that because the cost function
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Figure 7. Numerically computed stability charts, when the translation (x) and rotation
(0) are in phase for different parameters. The colored regions indicate stable motion.

(see equation (11)) was defined as an average of the experiments, the largest particle
(a; = 1.83 mm) influenced the fitting the most.

To conclude this section, discrepancies between the theory and the experiments are
expected, and the hybrid method to estimate and calibrate the acoustic trap proved to be
sufficient. In the following part, the students are encouraged to explore strategies to take
advantage of the trap topology to translate the particle faster, without dropping it.

4.1. Stable translation schemes

According to the dynamic model given in equation (9), we can estimate the forces leading to
the particle’s escape from the trap. For simplicity, we consider only harmonic translation (i.e.
0 = 0) up to 5 Hz, and a Styrofoam particle with a radius of 1.5 mm. Figure S5 depicts the
ratio of the inertia to the drag force for different frequencies and amplitudes. For the con-
sidered values, inertia is the leading reason for the escape of the particle. After calibrating the
numerical model, we simulated the system to examine different scenarios and developed
schemes for fast and stable translation. We numerically studied the stability of a 1.5 mm
radius Styrofoam particle at different input voltages, translational amplitudes, and rotational
amplitudes when the translation and rotation are in phase. Figure 7 depicts the stable and
unstable regions for input voltages of 5.5 and 7.5V and translational amplitudes of 10, 13,
and 15.5 mm for different frequencies and rotational amplitudes. It can be seen that adding
rotation can increase the stability at higher frequencies, therefore higher velocities and
accelerations. As discussed in section 4, there are discrepancies between the experimental
data and theory, therefore, only a qualitative match between the experiments and simulation
results is feasible.

We considered the case where the rotation and translation are in phase and studied the
stability for various frequencies and amplitudes. We experimentally showed that it is possible
to keep a particle inside the trap by adding rotation. Figure 5 depicts snapshots from two
different experiments where the AL is only translated or simultaneously translated and rotated
(video 2). The images were processed to extract the position and orientation of the AL along
with the position of the particle. In both experiments, the translational amplitude was set to
15.4 mm, and the voltage to 5.5 V. Without rotation (figure 5(a)) the particle escaped the AL
at frequencies higher than 2.6 Hz. By adding rotation (0 ~ 28°), the maximum stable fre-
quency was increased to 3.32 Hz, corresponding to an increase of 27.7%. We repeated the

10



Table 1. Data collected from levitation experiments at varying translational and rotational amplitudes.

Translational Rotational Maximum stable Maximum velocity Maximum acceleration

Voltage (V) amplitude (mm) amplitude (°) frequency (Hz) Improvement (%) (msfl) (msfz)
5.5 154 0 2.60 27.7 0.25 4.11
28 3.32 0.32 6.70
12.8 0 2.83 24.7 0.23 4.05
28 3.53 0.28 6.30
10.3 0 3.01 33.5 0.19 3.68
28 4.02 0.26 6.57
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experiment for amplitudes of 12.8 and 10.3 mm, and the results are provided in table 1. As
expected, adding rotation allows translating the particle faster, by about 28% on average. In
addition, without rotation, the particle falls for accelerations higher than 3.9 + 0.2 ms 2
independent of the velocities that are on the same order (0.26 £ 0.04 msfl), which indicates
that the particle leaves the trap due to its inertia and not air drag. The particle escapes the trap
when the acceleration is maximal (video 3). The trajectory of a representative particle
escaping the trap is shown in figure S6.

5. Discussion and conclusions

The presented experimental platform aims to expose graduate students to advanced concepts
in acoustics, especially nonlinear acoustics and acoustic radiation forces. These forces can be
harnessed to design an AL end-effector, a device capable of manipulating small rigid particles
without contact. The setup was designed to demonstrate the intricate nonlinear dynamics of
an acoustically levitated spherical particle while avoiding advanced nonlinear dynamic
phenomena such as parametric resonance [4, 34] and acoustic streaming [17]. Moreover, it
was designed to be interactive and relatively slow so that the phenomena can be observed
without unique measuring equipment. Throughout the experiment, the students learn how to
estimate the acoustic field, through numerical simulations and proxy measurements. In
addition, the students learn about the limitations of the analytical model and the importance of
calibration by observing the discrepancies between the equilibrium positions of different
particles (figures 6 and S4).

After calibration, the nonlinear dynamics of the particle motion is studied numerically,
which enables the development of schemes to translate the AL faster without dropping the
particle. Here, we only demonstrated the case where the rotation and translation are in phase,
and at the same frequency. However, other schemes are possible, such as rotating the AL in
phase with the translation at a frequency that is an odd multiplication of the translation
frequency. It was also found experimentally that the forces leading to the particle’s escape are
mostly inertial (figure S6 and table 1).

This platform can be used to study more advanced phenomena, such as the interaction
between acoustically levitated particles [35], as it enables levitating of up to three particles
simultaneously (see figure 1). In addition, it can be used to teach tuneable oscillators, as the
stiffness of the trap can be modulated by changing the input voltage, while the mass remains
the same. Alternatively, the stiffness can be changed by rotating the AL. Harmonic base
excitation can be explored as well, as it can be introduced to the system by the translational
oscillation of the AL. Furthermore, characterizing the acoustic field or the three different traps
can be done by estimating the resonances of trapped spheres [4].
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