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Vortex-field acoustic levitation is an application of acoustic vortices that allows the manipulation of a
wide range of materials in various media. However, to date, its levitation capability in air is limited to
relatively low-density objects. Here, by optimizing an array-tube setup, we levitate iridium (22.56 g/cm3)
in a first-order acoustic vortex in air. This technique makes it possible to observe the orbital angular
momentum transfer carried by acoustic vortices to freely levitated high-density objects, of which the
highest rotation speed reaches up to 6500 revolutions per second and increases with a decrease in the
object size and an increase in the source amplitude. It is revealed that the thermal-viscous boundary layer
dissipation is the dominant effect and leads directly to the rapid rotation of high-density objects. This work
can expand the application scope of acoustic vortices, especially in the fields of containerless processing of
various materials and rapid rotation of objects, and help to understand the mechanisms of orbital angular
momentum transfer to matter.
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I. INTRODUCTION

Vortices have been shown to exist in acoustics [1],
optics [2], and even quantum mechanics [3]. They are char-
acterized by helicoidal wave fronts, null-pressure centers,
and carry orbital angular momentum (OAM), and thus,
have found application in manipulating objects [4,5] and
even communication [6,7]. Compared with optical vor-
tices, acoustic vortices can provide a larger trapping force
and higher driving torque to objects of different scales
without limitation on their electromagnetic properties [8],
and hence, are widely applicable across fields such as con-
tainerless processing of various materials [9,10], rotation
of objects [11,12], and biomedical research [13] in the
ground and space environments.

Recent works showed that an array of individually
addressed sources excited with appropriate phases could
generate acoustic vortices of different orders (topological
charges, m > 0) and be applied to manipulate objects [14–
19]. For example, Seah et al. used an eight-element circu-
lar array to trap and move expanded polystyrene spheres in
air [17]. Thereafter, Hong et al. employed a small number
of peripherally placed piezoelectric sources to stably levi-
tate water drops and observe their dynamic motions [18].
However, these experiments in air concerned only objects
with a density no more than water (1 g/cm3). To resolve
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this issue, Hong et al. proposed a method to generate strong
acoustic vortices by using an array-tube configuration and
successfully levitated metal materials [19]. Nevertheless,
the vortex-field acoustic levitation (VFAL) of high-density
matter, such as iridium (22.6 g/cm3), has not yet been
realized, although it has been realized in a standing-wave
acoustic levitator with m = 0 [20]. By realizing this, the
application scope of VFAL can be greatly expanded.

The transfer of acoustic OAM to matter is experimen-
tally observed and can be classified into three mechanisms,
according to the type of matter and modes of interaction
between matter and the acoustic field. In the first category,
OAM transfer is mainly to bulk absorption of acoustic
power and leads to low-speed rotation of large-size (rel-
ative to wavelength) solid disks restrained by a string or
rod. For example Volke-Sepulveda et al. [21] and Skeldon
et al. [22] used circular arrays of individually addressed
loudspeakers to generate acoustic vortices in air and a tor-
sion pendulum to study OAM transfer to hanging disks.
Demore et al. used an array with 1000 addressable sources
and a rod-stabilized disk in water to demonstrate that the
ratio between the OAM flux and the acoustic power is
equal to the ratio of the topological charge of an acoustic
helicoidal beam and its angular frequency [23]. Anhauser
et al. spun a disk in viscous liquids using an ultrasonic vor-
tex beam to demonstrate the balance between the acoustic
radiation torque and the viscous torque [24]. In the second
category, OAM is transferred to an absorbing liquid. This
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was theoretically estimated by Anhauser et al. [24] and
Riaud et al. [25], and experimentally evidenced by Hong et
al. [26]. The effect results in a slow swirling of liquid about
the vortex axis, in which the motion follows the OAM den-
sity distribution. The third category concerns both OAM
transfer to trapped particles and the host liquid in acous-
tic vortices. For example, Baresch and Thomas observed
OAM transfer to stably trapped elastic particles in a liquid,
in which the acoustic bulk absorption of particles, the vis-
cous boundary-layer dissipation of the surrounding fluid
and the external rotational steady flow all contribute to
the low-speed rotation of particles [27]. However, OAM
transfer to stably trapped high-density objects by acoustic
vortices in air has never been observed before.

Because gas media have lower dynamic viscosities than
that of liquids at common pressure and temperature, acous-
tic OAM transfer to levitated objects in air is expected to
achieve rapid rotation of objects, which can create extreme
conditions for testing material properties [28,29]. Com-
pared to optical and magnetic-rotation-driving techniques,
which can work in vacuum [28,30,31], VFAL works in gas
medium, and hence, any rotating objects experience aero-
dynamic drag, which can be expected to limit the highest
rotation speed. Nevertheless, VFAL can levitate objects
with larger masses and sizes than other techniques, which
can allow objects such as microchips to be levitated and x-
ray or other spectroscopic characterization to be performed
during rapid rotation.

Here, the optimal configuration parameters of an array-
tube setup are explored to enhance the levitation capability
of first-order acoustic vortices. This method generates high
acoustic pressures by exciting resonances of the cylin-
drical cavity, which amplify the outputs of the sources.
Based on this apparatus, VFAL of iridium is demonstrated
and the rapid-rotation phenomenon of OAM transfer from
acoustic vortices to freely levitated high-density objects
is then observed. Thereafter, the drag torques exerted on
the rapid-rotation objects by air under high Reynolds num-
bers are numerically evaluated according to the theory of
fluid dynamics, and the driving torques arising from OAM
transfer are uncovered by utilizing the thermal-viscous
boundary-layer dissipation theory. A numerical simulation
of microparticle rotation by acoustic radiation torque under
relatively low rotation speeds and Reynolds numbers can
be found in Ref. [32].

II. EXPERIMENTAL SETUP AND PARAMETER
OPTIMIZATION

Previous work demonstrated that using a tube with
appropriate geometric parameters to constrain the acoustic
field could excite resonant modes of a cylindrical cavity
and greatly increase the levitation capability of cylindrical
standing-wave traps [19,33]. Motivated by that, an array-
tube setup is designed and built in this work to achieve a
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FIG. 1. Array-tube setup and generated first-order acoustic
vortices. (a) Schematic of an acoustic array constituted by four
peripherally and uniformly placed piezoelectric transducers and
a coaxial tube (top view). (b) Phase, φ, distribution of the first-
order acoustic vortices in the x-y plane. The z axis is along the
vortex axis, parallel to the direction of gravity.

more powerful levitation capability, as shown in Fig. 1(a).
It is made up of four peripherally and uniformly placed
piezoelectric acoustic sources coaxial with a tube. All
sources have a circular cross-section diameter of 10 mm
and a separation radius of R1 to the setup center. They
can vibrate at the same frequency of 23 kHz (wavelength,
λ = 14.9 mm) and the same surface vibration amplitude
of A, adjustable from 0 to 25 µm. The control accuracy
of A is about ±0.5 µm. Different phases can be applied
to each source to generate the first-order Bessel-shaped
acoustic vortices (m = ±1, M1 within the Supplemental
Material [34]) [35–37], as shown in Fig. 1(b). The tube has
an inner radius of R2 and a height of 50 mm. This height is
preset to facilitate the experimental operation and reduce
the number of free variables in the following optimiza-
tion calculations. The setup works in air at a controlled
environment temperature of 20 °C and the corresponding
density, ρ, and sound speed, c, of air are 1.2 × 10−3 g/cm3

and 343 m/s, respectively. A laser displacement sensor
(Keyence LK-H008W) is used to measure the vibration
amplitude, A, of each source.

To achieve the best levitation performance, the theoreti-
cal optimization of R1 and R2 is implemented by modeling
the experimental setup in the acoustics module of COMSOL
Multiphysics. As the deepest potential wells (i.e., strongest
trapping forces) lie in the vortex center of the first-order
acoustic vortices [19], the Gor’kov potential values [38],
Uc, of the vortex (setup) center with the change of R1 and
R2 are calculated (M2 within the Supplemental Material
[34]), as shown in Fig. 2(a). It can be seen that the lowest
values of Uc, namely, the deepest potential wells, appear
around R1= 0.35λ and R2= 0.75λ, 1.26λ, 1.80λ, etc. In
these cases, the acoustic pressures, p, in the array-tube
setup can be higher than 104 Pa as A approaches 20 µm.
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FIG. 2. Parameter optimization of the array-tube setup. (a) Gor’kov potential values, Uc, of the vortex center at different configura-
tion parameters of R1 and R2. (b) Acoustic radiation forces, Fz , exerted on an iridium sphere as it moves along the z axis at R1= 0.35λ.
In (a),(b), it is assumed that the sphere in the acoustic field has a radius of 1.5 mm. In (b), the weight of a 1.5-mm-radius iridium sphere
is drawn for comparison. Vibration amplitude, A, of each source is 20 µm in these calculations.

Accordingly, the acoustic radiation forces, Fz, exerted by
the resonant acoustic fields on an iridium sphere (radius,
a = 1.5 mm) when it moves along the vortex axis (z axis)
are calculated (M3 within the Supplemental Material [34])
[8,39], as shown in Fig. 2(b). It can be seen that, for the
optimal configuration parameters of R1 and R2, the vortex
center of the first-order acoustic vortices generated by the
array-tube setup with four sources can theoretically pro-
vide a sufficient acoustic radiation force to levitate iridium,
and hence, other high-density substances.

III. VORTEX-FIELD ACOUSTIC LEVITATION OF
HIGH-DENSITY OBJECTS

Based on the above optimal parameters, a tube with an
inner radius of 18.8 mm (1.26λ) is designed and made
to construct the array-tube setup with four sources (Fig.
S1 within the Supplemental Material [34]). Thereafter, by,
respectively, adjusting the separation radius, R1, of each
source to 5.2 mm (0.35λ) and the vibration amplitude, A,
to adequate values, high-density objects, including a steel
sphere (7.9 g/cm3), a brass sphere (8.7 g/cm3), and an irid-
ium sphere (22.56 g/cm3), are successfully levitated in the
vortex center of the first-order acoustic vortices, as shown
in Fig. 3 (Movie 1 within the Supplemental Material [34]).

IV. OBSERVATION OF HIGH-SPEED ROTATION
MOTIONS

Here, the optimized array-tube setup makes it possible
to observe the phenomenon of OAM transfer from acous-
tic vortices to any freely levitated high-density objects
in air. By employing an ultrahigh-speed camera, able to
work above 5 × 104 frames per second (Fastcam Mini
AX200), the high-speed rotation motions of the steel and
brass spheres at A = (15 ± 0.5) µm and the iridium spheres

at A = (20 ± 0.5) µm are recorded (M4 and Movies 2–4
within the Supplemental Material [34]). From the movies,
we can see that the rotation motions of the spheres are
around the vortex axis (z axis) and their rotation directions
coincide with the chirality of the first-order acoustic vor-
tices. The rotation speeds of the steel, brass, and iridium
spheres with different radii are extracted from the movies
and plotted in Fig. 4. It can be seen that the rotation rate,
�, of a sphere increases with a decrease in the sphere
radius, a, and an increase in each source amplitude, A.
This is independent of the material of the objects, which
is very different from the optical or magnetic driving cases
where objects with special electromagnetic properties are
required [28,30,31]. In the experiments, the highest rota-
tion speed of the spheres reaches up to 6500 revolutions
per second (rps), which is 2 orders of magnitude higher
than that of the acoustically trapped particles in water
[26,27] and still 3 orders of magnitude lower than that
of the optically levitated particles under vacuum [30,31].
The corresponding highest circumferential speed and cen-
trifugal acceleration of these spheres reach up to 50 m/s
and 2 × 106 m/s2, respectively. We speculate that these
rotational rates can be further increased by reducing the
size of object, raising the intensity of acoustic vortices
and decreasing the viscosity of gas medium (such as by
lowering temperature).

V. DRAG TORQUES UNDER HIGH REYNOLDS
NUMBERS

The rotation motions of the freely levitated high-density
objects are controlled by the balance between the drag
torque, �D, from air and the acoustic radiation torque, �A,
from OAM transfer. However, due to the high densities and
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FIG. 3. Vortex-field acoustic levitation of high-density objects (top view): (a) steel sphere (7.9 g/cm3), (b) brass sphere (8.7 g/cm3),
and (c) iridium sphere (22.56 g/cm3).

rotation speeds of the objects, the physical mechanisms
need to be more deeply analyzed.

First, the Reynolds numbers associated with the high-
speed rotation of the spheres in air are calculated by
Re = ρa2�/η, where a is the radius of a sphere, � = 2π�

is the angular speed of a sphere, and η is the dynamic
viscosity of air (Fig. S2 within the Supplemental Mate-
rial [34]). The magnitude of Re is about 103, which is
much higher than 1. Obviously, the Stoke’s drag expres-
sion, �D = −8πηa3�, for the drag torque on a rotational
sphere at low Re (� 1) is not applicable here (Supple-
mental Material Fig. S3 [34]). According to the study in
Ref. [40], the laminar-to-turbulence transition around a
sphere surface occurs at Re values of 105 (� 103). There-
fore, the full steady-state Navier-Stokes equation can be
solved numerically to find �D without considering possible
turbulence.

Because the magnitude of sound pressure here (104 Pa)
is less than one standard atmosphere and frictional drag
emerges, the air can be regarded as an incompressible
viscous fluid in this study. In this case, the steady-state

FIG. 4. Experimental rotation rates, �, versus the sphere
radii, a.

equation of fluid motion is in the form (see Eq. (15.7) in
Ref. [41])

ρ(v′ · ∇)v′ = −∇p ′ + η
v′, (1)

where p ′ is the hydrodynamic pressure and v′ is the
fluid velocity. If we take spherical polar coordinates (r,
θ , φ) with the polar axis parallel to the rotational axis
of a sphere, we have v′

r = v′
θ = 0 and v′

φ = v′. Thus,
the frictional force on unit area of the sphere is σr,φ =
η((∂v′/∂r) − v′/r)r=a and the resulting drag torque can
be obtained from �D = ∫ π

0 σr,φ2πa3sin θdθ . Because it is
hard to find the analytical solution of Eq. (1), we numer-
ically solve it with the experimental boundary conditions
v′|r=a = a� and v′|r=R1 = 0 in the commercial software
ANSYS Fluent 2021 R1. As a result, the drag torques corre-
sponding to spheres with different radii and rotation speeds
in Fig. 4 are predicted, as plotted in Fig. 5. The uncertain-
ties of �D are caused by the measurement errors of a and
�. It can be found that the drag torques increase initially
and decrease afterwards with an increase of the sphere
radius, and the highest torque reaches up to 4 × 10−7 N m.

VI. MECHANISMS OF OAM TRANSFER

It is known that OAM transfer via the acoustic radia-
tion torque exerted on an object by acoustic vortices is
�A = (m/ω)Pabs [42], where m is the vortex order (topo-
logical charge) and ω is the angular frequency of the
acoustic waves; Pabs is the total acoustic power absorbed
by an object, including the bulk absorption and the acoustic
boundary-layer dissipation. At first, to evaluate the contri-
bution of bulk absorption, we calculate the acoustic energy
density, EIr, within the centrally located iridium sphere as
well as the acoustic energy density, Eair, in the surrounding
air and find that the ratio of EIr/Eair is about 10−4, reveal-
ing that the majority of the acoustic energy is in the air
(Fig. S4 within the Supplemental Material [34]). The same
rotation speeds of the steel and brass spheres at the same
radii in Fig. 4 verify that the steel and brass materials make
little difference to the rotation speeds. Therefore, it can be
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FIG. 5. Drag torques, �D, from air under high Reynolds num-
bers and acoustic radiation torques, �A, from OAM transfer
contributed by the thermal-viscous boundary-layer dissipation.

deduced that, for high-density spheres in airborne acoustic
vortices, the contribution of bulk absorption to the driving
torque is negligible.

Next, to evaluate the contribution of the boundary-layer
dissipation, the thermal and viscous dissipation of the
acoustic boundary layers surrounding a centrally located
sphere should be included in the calculation of acoustic
field. Generally, this needs time- and resource-consuming
solutions of the linearized compressible Navier-Stokes
equations. Now, it can be realized at a low cost by using
a thermal-viscous boundary-layer impedance condition on
the object’s surface [43]. The core strategy of this method
is that the viscous and thermal boundary-layer effects can
be represented as a boundary condition on the standard
Helmholtz equation for acoustic pressure, which is

−δv

i − 1
2


Tp + δthk2
0
(i − 1)(γ − 1)

2
p + ∂p

∂n
= 0 (2)

on a wall, where δv = √
2η/ωρ is the thicknesses of the

viscous boundary layer and δth = √
2κ/ωρcp is the thick-

nesses of the thermal boundary layer. In Eq. (2), 
T is
the projection of the Laplace operator on the wall, κ is
the coefficient of thermal conductivity, k0 = ω/c is the
isentropic wave number, γ = cp/cV is the specific heat
ratio, and n is the normal field vector. The boundary-
layer impedance condition allows for some slip velocity
along the normal direction to the sphere (vn �= 0, see Eq.
(23) in Ref. [43]). This method is verified to be highly
effective when the wavelength and the minimum radius of
curvature of the wall is much larger than the boundary-
layer thickness. In this study, the acoustic wavelength
is about 14.9 mm and the diameters of the spheres are
around 3 mm, which are much larger than δv ≈ 14 μm
and δth ≈ 500 μm, hence meeting the applicable condi-
tions. Because the method is integrated into the acoustics

module of COMSOL Multiphysics, what we need to do dur-
ing the calculation of total acoustic field (p and v) is to
set the thermal-viscous boundary-layer impedance condi-
tion on the sphere surface in the physical model of an
array-tube setup with a centrally located sphere (Fig. S5
within the Supplemental Material [34]). After obtaining
acoustic pressure, p, and fluid particle velocity, v, of the
total acoustic field, the acoustic radiation torque exerted on
the sphere can be obtained from �A = ∫∫

SR
−〈r × �〉 dSR,

where � = (p + P)I + ρvv is the acoustic momentum
flux density tensor, P = −ρv2/2 + p2/2ρc2 is the second-
order acoustic radiation pressure, r is the vector position
from the center of the sphere to a point in space, I is the
unit tensor, SR is the virtual sphere surface enclosing the
real sphere, and the symbol 〈 〉 denotes time averaging
over a period of acoustic vibration [42,44,45]. Considering∫∫

SR
−〈(p + P)r × I〉 dSR = 0 and that the acoustic field

here is axisymmetric, �A is along the z axis and can be
reduced to �A = ∫∫

SR
−ρ 〈(r × v)zvn〉 dSR, where vn is the

outward velocity normal to the sphere surface (see Eq.
(8) in Ref. [42] or Eq. (4) in Ref. [45]). Consequently,
the driving torques of �A with a change to the sphere
radius, a, around the source vibration amplitudes, A = 15
and 20 µm, are simulated, as plotted also in Fig. 5. The
uncertainties of �A are induced by the control errors of
A (±0.5 µm). It can be seen that the predicted driving
torques, �A, coincide well with the drag torques, �D, quan-
titatively, indicating that the boundary-layer dissipation is
the dominant mechanism of OAM transfer here.

VII. CONCLUSION

In the field of acoustic levitation, only standing waves
with zero topological charge are capable of levitating
high-density materials, such as iridium, for containerless
processing [20]. Here, the VFAL of iridium (22.56 g/cm3)
in air is realized by optimizing an array-tube setup with
four sources to generate the first-order acoustic vortices.
We optimize the array-tube setup by adjusting the separa-
tion radius of the sources and the inner radius of the tube
to produce high levitation forces. This optimization is per-
formed in simulations, based on the Gor’kov potential, and
is used to design an experimental apparatus.

We note that the previous observations of acoustic OAM
transfer to matter in water systems lead to rotation speeds
of about 101 rps [26,27]. In this study, the high-speed rota-
tion (6500 rps) of the freely levitated high-density objects
in acoustic vortices in air is observed, which is 2 orders
of magnitude higher than previous observations, mainly
due to the lower dynamic viscosity (1.79 × 10−5 Pa s) of
air than that (1.01 × 10−3 Pa s) of water. It is found that
the rotation speed of a high-density object in the first-
order acoustic vortices increases with a decrease in the
object size and an increase in the source amplitude, and this
is independent of the material of the object. Theoretical
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analyses indicate that the high-speed rotation of a high-
density object is mainly caused by OAM transfer from
the dissipation of the thermal-viscous boundary layers sur-
rounding the object’s surface. It should also be noted that,
in this study, the drag torque exerted on an object by air
is analyzed under high Reynolds numbers (103) without
considering possible turbulence. However, the Reynolds-
averaged Navier-Stokes equation may be solved in future
research to consider turbulence.
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