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Abstract—Stabilization of the position and orientation of non-
spherical, sub-wavelength particles in mid air is required for
using acoustic levitation forces in applications such as the
automation of micro manufacturing processes, 3D-scanning, and
inspection. Acoustic locking has previously been demonstrated
by time-multiplexing of different acoustic traps at the same
frequency. In this case, the magnitude of the acoustic levitation
forces and the stabilizing torque are coupled by the ratio of the
durations during which the different traps are applied and cannot
be adjusted independently assuming operation at maximum
power. This work presents a compact device that uses a method
for independently adjusting the vertical trapping forces and the
stabilizing torque by using two different ultrasonic frequencies.
A 40kHz vertical standing wave is used to generate levitation
forces that counteract the gravitational force. Additionally, a
25kHz horizontal standing wave is used to generate a tunable
stabilizing torque. With this method, objects made from high
density materials across a wide range of geometries can be
locked acoustically with increased stability compared to state-
of-the-art methods. This is demonstrated by locking tin cuboids
with a density of 7.3g/cm® and plastic cuboids with average
side lengths between 0.9 and 3.5mm. Experimental results
demonstrate torsional spring constants of up to 50 nNm/rad and
an orientation stability of <7.5°.

Index Terms—Acoustic levitation, ultrasonics, robotics

I. INTRODUCTION

Standing acoustic waves have been used for a long time
to suspend objects [1], [2], [3]. Despite a variety of potential
applications requiring levitation of asymmetric objects [4], [5],
[6], most research focuses on the levitation of spherical objects
[7], [8]. Standing acoustic waves exert large forces on objects
levitating at its nodes, providing the capability of levitating
high density objects [9], [10], [11], [12] and manipulating
the levitation position of suspended particles by adjusting the
positions of these nodes [7], [13]. However, the generated
pressure field is rotationally symmetric around the symmetry
axis of the setup, resulting in the tendency of levitated particles
to spin around this axis [14], [15], [16].

A. Related Work

The trapping of non-spherical particles in position and
orientation has been shown in 2D [17] and recently, a method
for generating a torque that acoustically locks the orientation
of non-spherical, sub-wavelength particles in mid-air (3D)
was demonstrated [5]. The latter uses a single-axis acoustic
levitator, that time-multiplexes a standing wave and a twin
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trap, for generating high vertical forces and a converging
torque that locks the rotation, respectively. Subsequently, this
method will be referred to as the switching-in-time (SIT)
method. The ratio of the times during which the standing
wave and the twin trap are applied can be used to tune the
converging torque. However, an increase in torque results in
a reduced vertical force for operation at maximum power,
which limits the maximum density of the suspended object.
Switching between different pressure fields requires two phase
shifts of 180° per period for each transducer, resulting in a
reduced acoustic power output and a further decreased vertical
force during the transition process. With this method, an
orientation accuracy of <10° and a torsional spring stiffness
of up to 40 nNm/rad can be achieved [5]. Another method for
controlling the position and orientation of a levitating sample
in 3D has been demonstrated in [18]. This approach uses a
large number of transducers and 24 individually controlled
channels, resulting in a large and complex device. For many
applications, it is sufficient to lock the orientation of the
levitated object rather than providing full orientational control,
which is demonstrated in this work and requires only two indi-
vidually controlled channels. It has been shown that ultrasonic
waves of different frequencies can be used to superimpose
different pressure fields and that their interference is canceled
out by time averaging [19]. Consequently, pressure fields of
different frequencies can be considered separately.

B. Multi-Frequency Method

This work demonstrates the acoustic trapping of asymmet-
rical objects in all degrees of freedom by using piezoelec-
tric transducers operating at two distinct frequencies. Subse-
quently, this is referred to as the multi-frequency (MF) method.
A vertical standing wave and a horizontal standing wave are
generated simultaneously at f; = 40kHz and fo = 25kHz,
respectively. The horizontal standing wave results in a pressure
field similar in shape to that of a twin trap [5] and results in
high forces. Therefore, it is possible to tune the converging
torque by adjusting the acoustic power generated at fo, without
reducing the vertical force generated by the standing wave at
the frequency f;. The phase inversion is no longer required,
making it possible to acoustically lock objects with densities
of up to 7.3g/cm?.

II. METHODS

A vertical standing wave is generated by applying a phase
shift of 180 ° between the transducers arranged in the upper
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Fig. 1. (a) Rendering of the arrangement with ultrasound transducers with
different resonance frequencies and (b) annotated photograph with a levitating
tin cuboid. The setup was optimized for providing a maximum converging
torque to lock the orientation of the levitated object. The shown acoustically
locked object is a tin cuboid with side lengths of 0.8 mm x 0.8 mm x 5 mm.

and lower arrays (cf. Fig. 1) of a single-axis levitator. The
resulting pressure field can be calculated as

1 .
p(CE,y,Z) :POZJO (k?"l Sin@i) Eej(z)i, (1)

where d;, ¢;, Py, Jo, k, 7;, and 6; denote the distance of the
i transducer to the considered point (z,, z), the phase shift
applied to that transducer, a factor depending on the applied
voltage, the zeroth-order Bessel function of the first kind, the
wave number, the transducer radius, and the angle between the
normal of transducer ¢ and the point (z,y, z), respectively.

A horizontal standing wave is generated at a frequency f
without affecting the vertical standing wave if fo % f1 holds.
The resulting acoustic forces acting on a levitated object are
obtained from calculating the gradient of the Gor’kov potential
U as

F=-VU, 2)

where
U =V, (Ki(P?) — K3(V?)), 3)

with (), Vp, P, and V denoting time-averaged terms, the
particle volume, the pressure, and the particle velocity, re-
spectively. K; and K, denote factors that depend on the
density of the levitating object and the medium as well as
the speed of sound in the levitating object and the medium
(air). The superposition of Gor’kov potentials of acoustic fields
generated using different frequencies is calculated as

Vo =V (Ki((PL+ P2)) = Ka{(Vi + V2))) . @)
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Due to the orthogonality of sine waves of distinct frequencies,
the time-averaged terms can be simplified as

(PL+ P2)?) = (P?) + (PLPy) + (P3) = (P]) + (P3) (5)
and

(Vi +V2)") = (V) + (ViVa) + (V) = (Vi) + (V). (6)
A phase difference between the individual pressure fields
does not affect the time-averaged pressure field. Consequently,
the Gor’kov potential of two superimposed pressure fields
of different frequencies is simply the sum of the individual

Gor’kov potentials

Uit = Uy + Us. (7N

This is illustrated in Fig. 2, where a 40 kHz vertical standing
wave a), b) is superimposed with a 25 kHz horizontal standing
wave c¢), d), resulting in a Gor’kov potential that is no longer
rotationally symmetrical in the xy plane e), f). The equipo-
tential lines of this Gor’kov potential can be approximated by
ellipses. The eccentricity of these ellipses, i.e., the ratio of their
semi-major and semi-minor axis lengths a and b, respectively,
provides a measure for the converging torque.

A. Experimental Setup

For the conducted experiments, an arrangement as shown in
Fig. 1 was used. Electroacoustic transducers with a resonance
frequency at 40kHz and a diameter of 10 mm (Manorshi,
MSO-A1040HO7T) are arranged on three concentric rings
of 6, 12, and 18 transducers, respectively. Two such arrays
form the pole caps of a sphere with a diameter of 84 mm,
i.e., the distance of an object levitated at the center of the
arrangement to every transducer is identical, such that high
vertical forces can be achieved. Additionally, 16 transducers
with a resonance frequency at 25 kHz and a diameter of 16 mm
(Manorshi, MSO-A1625H12T) are placed on two concentric
rings with a diameter of 100 mm around the symmetry axis
of the setup. These rings are arranged at different vertical
positions and the transducers are oriented such that they face
the center of the arrangement. The setup was designed to
maximize the converging torque, i.e., the asymmetry of the
Gor’kov potential in the horizontal plane. The asymmetry of
the Gor’kov potential was assessed by numerical calculations
for different arrangements and numbers of transducers. For
the selected arrangement, the resulting Gor’kov potentials
correspond to those shown in Fig. 2.

For each frequency, two inverted signals are required to
excite the transducers on opposite sides of the arrangement.
These signals were generated using a Cyclone II FPGA board
and amplified by an L298N dual H-bridge board. The phase
of all transducers remains constant during operation, resulting
in considerably higher acoustic power compared to the SIT
method. Other methods require a large number of individually
controlled channels [18], [20], [21] or careful geometric design
[22].
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Fig. 2. Top view a) and side view b) of the Gor’kov potential generated by
transducers operated at fi = 40 kHz with a voltage of Vi rms = 12'V. Top
view ¢) and side view d) of the Gor’kov potential generated by transducers
operated at fo = 25kHz with a voltage of V3 rms = 20 V. Top view e) and
side view f) of the superposition of the two Gor’kov potentials with a voltage
ratio of V2/Vi = 1.67, providing high vertical forces and a converging
torque. The eccentricity of the equipotential ellipse (dashed line) shown in e)
is a/b = 2.69.

III. RESULTS

Experiments with 3D-printed cuboids with an aspect ratio
of 5:5:3 were conducted to analyze the size range for which
stable locking is possible and to measure the orientation
stability. Stable locking was defined in accordance with [5] as a
maximum oscillation amplitude of 10 ° and a net zero location
and orientation change. The orientation of the levitated cuboids
was determined using video footage of the experiments and
the Image Processing Toolbox in MATLAB. The obtained
orientation stability is shown in Fig. 3a) for plastic cuboids
with average side lengths between 0.9 mm and 3.5 mm. Trap-
ping forces of 7.7uN, 3.43uN, and 9.72uN were achieved
for the 0.9 mm object and 453 uN, 202 uN, and 572 uN for
the 3.5 mm object in z, y, and z direction, respectively.

The torsional spring constant Kt was obtained based on the
oscillation frequency wy of the locked object, where wy was
again determined from video footage. K1 was then calculated
as

Kr = wO 12 (Llong + Lshort) ®)

where m, Liong, and Ly denote the mass, the longer side
length, and the shorter side length of the cuboid, respectively.
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Fig. 3. a) Range of average side lengths of plastic cuboids, that can be locked
acoustically using the MF method (blue), compared to the SIT method (red).
The measured orientation stability for the MF method is shown by blue dots.
b) Measured torsional spring constants for the MF method with voltages from
5V to 20V applied to the 25 kHz transducers.

For the cuboids used ysin the experiments, Liong = Lshort, thus
Eq. 8 can be simplified to

2
Kr = 6 . ©)

The torsional spring constant depends on the size of the
cuboid and the voltage applied to the 25kHz transducers
(acoustic power) as shown in Fig. 3b). If the magnitude of
the 25 kHz pressure field approaches the same range as that
of the 40 kHz pressure field, the object starts to wobble around
the horizontal symmetry axis due to the increased rotational
symmetry of the pressure field in Fig. 2f. Therefore, a limit
of 20V was chosen for the voltage applied to the 25kHz
transducers.

The smallest object used for the experiments was a cuboid
with an average side length of 0.9 mm. The results show that
small objects achieve high orientation stability. Thus, it is
expected that the lower limit for the average side length is
significantly below 0.9 mm. For cuboids with average side
lengths above 3.5 mm, oscillations around horizontal axes
cause instabilities or even the ejection of the levitated particle
from the acoustic trap. All cuboids between 0.9 mm and
3.5mm were locked with an orientation stability better than
7.5°. As shown in [5], the approximation of the torque by a
torsional spring is valid for oscillation amplitudes o smaller
than 15°. The maximum torque for the system demonstrated
in this work can therefore be calculated as T = oK.

The achievable vertical forces were evaluated experimen-
tally using small tin cuboids. Using the MF method, we have
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demonstrated acoustic locking of a tin cuboid with side lengths
of 0.8 mm x 0.8 mm x 5mm (average side length of 2.2 mm)
and a density of p = 7.3g/cm?, as shown in Fig. 1. An
oscillation frequency of 5Hz was measured resulting in a
calculated torsional spring constant of 49.3 nNm/rad.

IV. CONCLUSION

The MF and SIT methods can both be used for compact de-
vices with a low complexity compared to methods that control
the position and orientation of the levitated sample. The MF
method provides a large stability region ranging from average
side lengths of 0.9 mm to 3.5 mm, which corresponds to an
increase of 86 % compared to the SIT method. Operation of
the 40 kHz transducers at full power and no losses due to phase
changes during time-multiplexing facilitates the levitation of
objects with a density of up to 7.3g/cm?, which is roughly
6 times higher than the maximum density of 1.18g/cm?
achieved with the SIT method [5]. However, the MF method
device requires laterally placed emitters, which is not the case
with the SIT method. The attainable stiffness for both methods
is in the range of 40-50nNm/rad. Control of the system
requires two channels of different frequency with constant
phase, whereas the SIT method requires four channels of
the same frequency with adjustable phase. The efficiency
is higher, as the transducers are operated at constant phase.
This facilitates the application of the MF method to novel
use cases such as the transport of non-spherical objects by
contactless robotic grippers or the inspection of acoustically
levitated samples.
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