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We present the experimental demonstration and theoretical framework of an acoustophoretic
concept enabling contactless, controlled orbital motion or spinning of droplets and particles in air.
The orbital plane is parallel to gravity, requiring acoustophoretic lifting and elevation. The motion
(spinning, smooth, or turnstile) is shown to have its origin in the spatiotemporal modulation of the
acoustic field and the acoustic potential nodes. We describe the basic principle in terms of a
superposition of harmonic acoustic potential sources and the intrinsic tendency of the particle to
locate itself at the bottom of the total potential well.
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Contactless positioning and transport of matter in air is
scientifically and technically very challenging but carries
with it significant potential benefits for a wide range of
applications requiring high purity, low contamination, and
negligible friction [1-4]. Additionally, basic research
strongly benefits from contactless handling. Microgravity
or zero-gravity experiments, for example, are often needed
for accurate results [5,6], but their costs, usually connected
to space flights or, for limited time experiments, to drop
towers, can be prohibitive. Magnetic [7], electrical [8], and
optical [9] forces are extensively exploited for such
purposes, but are intrinsically material property dependent,
possibly requiring laborious samples preparation [10].

In recent years, the involvement of acoustic radiation
pressure [2] is experiencing a growing role in contactless
handling, mostly driven by lab-on-chip applications, where
the use of a liquid as acoustic medium accounts for a
significant aiding and enabling buoyancy force [11].
When the host fluid is a gas [12,13,14,15], several critical
issues need to be addressed and a deeper understanding of the
related physicsisnecessary [16]. Thisincludes the absence of
appreciable buoyancy force, difficulties of sound transmis-
sion between source and the acoustic medium [17], evapo-
ration, and breakup phenomena when dealing with droplet
levitation [18,19]. In such context, near-field acoustic levi-
tation has been shown to move contactlessly high density
material such as glass or metal, but the technique is limited
to flat, solid samples [20].

The fact that a sound wave could exert a torque dates
back to more than a century ago [21]. Albeit a general
theory has been proposed [22-25], experimental exploita-
tion has been limited [26]. An advantageous method for
rotation of microsized, nonspherical particles in an aqueous
environment was recently reported by Dual er al. [27],
where the amplitude modulation of the acoustic field was
employed to orient multiple samples on a chip. An acoustic
beam carrying orbital angular momentum has been used to
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apply a small torque to a suspended disk, but no levitation
of the sample was involved [28]. To date, rotation of
ultrasonically levitated glycerol droplets has been achieved
by means of an acoustic torque [29]. This mechanism has
the advantage of applying a torque to a symmetric object,
but since the torque is based on viscous stresses [30,31], it
is not controllable, nor useful for angular positioning: a
residual rotation of the sample at a frequency ranging
between 2 to 5 Hz is unavoidable.

The dynamics of a levitated particle in a simple geometry
has been studied by Barrios and co-workers [32]. Although
solving numerically the complete Navier-Stokes equationsin
the time domain provides a thorough insight on the physics of
the problem [33], it is also computationally very expensive
and not practical for large domains, compared to other
simplified modeling approaches such as the Gorkov potential
[34,35], which can be in this respect of significant utility.

In this Letter, we present a novel concept of acoustic
manipulation of matter in air, enabling controlled orbital
transport and spinning. By determining and modulating the
acoustic field evolution in a circular region generated by
discrete, peripherally placed resonators, we were able to spin
or setin circular orbit liquid droplets and solid particles in the
mm range in air. The physical phenomenon and its dynamics
are modeled and their nature explained with a one-
dimensional analytical model, followed by a full three-
dimensional numerical model for accurate quantification.

In acoustic levitation, an acoustic standing wave is
established between an emitting surface and a reflector
[2]. The radiation pressure, a nonlinear property of the
acoustic field, engenders the Gorkov acoustic potential
[34]. Despite some limitations on particle size and multiple
scattering effects [36], this potential conveniently predicts
the levitation sites of small spherical objects of radius R, in
an acoustic field generated by a standing wave. Employing
the root mean square acoustic pressure p,,; and the velocity
vms Of the field, the Gorkov potential U is given by
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where ¢ and p are the speed of sound and the density of the
acoustic medium, respectively. The nondimensional form
of the potential, U = U/(2zR3p,V3), is used here, where
V, is the vibrational velocity amplitude of the emitter
surface. The gradient of the potential predicts the acoustic
force acting on the particle, F; = —9U/0x;. The particle
experiences this acoustic force F' and advances toward a
potential well. At static conditions, if the acoustic force
counterbalances the gravitational force, the levitated object
is trapped at an equilibrium position.

The concept presented here is based on the spatiotem-
poral modulation of the acoustic potential nodes by varying
their shape and size along concentric circular orbits, which
can be used not only to obtain static levitation, but also
to promote (1) spinning of an asymmetric sample at one
predefined point and (2) an orbital motion in a plane parallel
to gravity (denoted by g in Fig. 1). The resulting motion
effectively demonstrates contactless acoustophoretic lifting
of levitated matter in air.

Figure 1 and the Supplemental Material, Movie SM1
[41] show the experimental setup and proof of principle.
The experimental setup is based on only three levitation
elements (LEs) placed at 120° with respect to each other.
Each LE is composed of an emitter and a reflector, placed at
adistance H ~ 5/2 A, with 4 being the acoustic wavelength
(Fig. S1 [41]). This distance guarantees the formation of a
standing wave with five levitation nodes along the vertical
axis z.

The emitters of the LEs are driven such that controllable
and selective emission of each LE is possible. During a
spinning or revolution cycle of period T (rotation frequency
f» = 1/T), only two LEs are simultaneously operating.
The emitter oscillates sinusoidally at ultrasonic frequency
f =~ 32.5 kHz with a velocity amplitude V, proportional to
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FIG. 1 (color online). Schematic of the handling system and its
driving signal A; (t). The x, y, and z axes represent the reference
system relative to the LE, while the x/, ¥/, and 7’ axes represent
the global reference system.

the input voltage A,. The voltage is modulated in a
parabolic manner, as shown in Fig. 1. As a result, due
to the quadratic nature of the acoustic radiation pressure
[Eq. (1)], a nearly constant acoustic potential magnitude is
obtained within the system during the node modulation
process. The constancy of the acoustic potential is a key
element when dealing with liquid samples in air and a
distinguishing difference compared to solid particle
handling: the acoustic force has to be strong enough to
overcome the gravitational force, but still weaker than the
surface tension force of the liquid, to avoid a breakup of the
liquid [19,37,38]. This is achievable up to an upper limit
of the levitated droplet radius R,. For a water droplet
levitated in air at f = 32.5 kHz the maximum radius is
R, ~ 2.0 mm [38].

The proposed acoustic field modulation (Fig. 1) shapes
the central node so that an asymmetric sample placed in it
can experience torque. The acoustic nodes are generally
ellipsoidal and they exert a stronger force on the vertical
axis z (Fig. 1, [39]). When dealing with liquid samples, this
potential distribution is responsible for the typical oblate
droplet shape, balancing the acoustic forces with the
surface tension forces [19]. In fact, the acoustic field
stretches the droplets along the major axis due to the
Vrms Tadiation pressure contribution [Eq. (1), [33]].

Three kinds of motion can simultaneously take place with
levitated particles, as shown in Fig. 2(a) (Supplemental
Material SM1, [41]). In orbit O, at the center of the levitator,
the acoustic field provides a torque and spins a nonspherical
object [Fig. 2(b), see also Supplemental Material SM2 [41]].
This orbitis characterized by a strong and constant magnitude
of the acoustic potential. A water droplet [R; ~ 0.5 mm in

FIG. 2 (color online). (a) Orbit 0, at the center, red. Orbits
1 and 2 are denoted by green and white, respectively. The
expanded polystyrene particles (R, ~ 0.6 mm, p, = 0.04 g/cm?)
are highlighted with a circle of the color of the
corresponding orbit. (b) Water droplet spinning in orbit 0.
The acoustic field distribution stretches the droplet to its typical
ellipsoidal shape. (c) Two water droplets simultaneously handled.
The droplet at orbit O rotates at its axis (spinning), while the
droplet in orbit 1 is transported along a circular orbit. Scale bar:
(a) 5, (b) 1, and (c) 5 mm.
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Fig.2(b)] can be levitated and spun during the entire emission
period T, as a result of a controlled acoustic field exerting
enough force to overcome the gravitational force without
atomizing the droplet. The external orbits 1 and 2 can levitate
and move a sample at the respective node, but they strongly
differ in node-pattern movement and magnitude. In orbit 1,
the potential is strong enough to levitate and transport a water
droplet along a ~ /2 rad part of the orbit [Fig. 2(c)],
corresponding to about 10 mm of travel length. In addition,
the transport of the sample is characterized by turnstile
motion, with a sudden acceleration at three specific times,
0.227,0.55T,and 0.88T . On the otherhand, the external orbit
2 exhibits a very smooth motion along the entire length of
64 mm, with a small departure from the circular path in
correspondence with the gaps between the two successive
LEs. Its rotational frequency is only one fourth of the rotation
frequency f,, and the acoustic field magnitude suffices for the
levitation of only a light particle (p, = 0.04 g/cm?).

The Gor’kov potential requires the linear acoustic
quantities p,, and v, to determine the nonlinear acoustic
forces [Eq. (1)]. Therefore, the acoustic wave equations in
the frequency domain were solved by a three-dimensional
FEM fluid-structure coupled model ([40], Supplemental
Material [41].

The validated numerical model correctly captures the
physics of the acoustophoretic concept and predicts well
the experimental results. Figure 3(a) shows the potential
nodes along with the experimental position of two manip-
ulated expanded polystyrene spheres during the transition
period T for both orbits 0 and 1. The good correspondence
between acoustic potential node evolution in time and
particle position is also evident for orbit 2, characterized by
a weak potential (Supplemental Material SM1 [41]). To
better quantify the comparison, the tracking of the particle
coordinates of orbit 1 during a full revolution is presented
in Figs. 3(b) and 3(c) for Cartesian (z/, x’) and radial (0)
coordinates, respectively. The motion discontinuities are
captured well by the model that predicts the acoustic field
evolution at 0.177, 0.5T, and 0.837. At these specific
times, the node splits into two subnodes, followed by a
sudden change of particle position, when one node dis-
appears at 0.227, 0.557, and 0.88T. The travel between the
first and the second subnode requires very low inertia for
quick motion.

To better understand the physics of generating continu-
ous motion from a discrete number of acoustic sources, we
constructed an analytical model to calculate the acoustic
potential evolution and to track its node minima positions
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FIG. 3. (color) (a) Contour plot of the nondimensional Gorkov potential within the acoustophoretic manipulator. The white circles
represent the two levitated particles during the experiment. (b) Cartesian (x’, 7', normalized values) and (c) radial (6, degree) coordinates
of the particle position predicted by the numerical and analytical models are plotted against the experimental data along orbit 1
T = 26 s). Movies were recorded with a digital camera and processed using the open source package ImagelJ 1.46a. (d) Evolution of the
acoustic potential between emitter—reflector—emitter. The continuous motion and the periodic discontinuities are explained by the

acoustic potential pattern evolution, resembling a tilted washboard.
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with respect to orbit 1. The acoustic potential U was treated
as linear combination of six sources (three emitters, U, and
three reflectors, U,.). If the acoustic field within the acoustic
device at 0T and 0.17T [corresponding to U, and U,,
respectively, Fig. 3(a)] is known, the full motion of a
levitated particle can be predicted. The magnitudes of U,
and U, are obtained from the numerical model: they are
subsequently represented by a linear combination of cosine
functions ([36], Supplemental Material [41]). Figure 3(a)
and the Supplemental Material SM1 [41] highlight the
fundamental difference between the two potentials: U, is
characterized by a single potential well, while U, by two
closely spaced such wells. This qualitative information is
critical to understand the discontinuities and the turnstile
nature of this orbit. By moving from an emitter to a
reflector, the potential field U, = U, + U, allows a
smooth transition because the particle is always located
at the minimum of the total potential during its motion
[Fig. 3(d), time 0-0.17T, movie SM2 in the Supplemental
Material [41]]. The behavior strongly differs when moving
from a reflector to an emitter. The particle is levitated on the
left-hand side node until U, overcomes U, smoothing out
the left node and causing the particle to “jump” (motion
discontinuity) toward the right-hand side node to reach
the minimum of the total potential [Fig. 3(d), time
0.17-0.33T movie SM2 in Supplemental Material [41]].
Such patterns repeat themselves for the following two
motion segments, 0.33—0.677 and 0.67-1.07". The results
of the analytical model show good agreement with
the experiments [Figs. 3(b) and 3(c), Supplemental
Material [41]].

The quasistatic models presented (numerical and ana-
lytical) are sufficient to track the levitated sample under the
assumption of a “slow” motion of the particle compared to
the acoustic force characteristic time (for a scaling analysis,
see the Supplemental Material [41]). The concept is based
on the temporal modulation of the acoustic potential: the
levitated sample follows the node accordingly. On the other
hand, this approach does not account for possible oscil-
lations of the sample motion, visible during the experi-
ments at the discontinuities. A more complete description
of the physical phenomenon can be achieved by introduc-
ing the inertia and drag forces. For very light particles
we can neglect the gravitational force (Supplemental
Material [41]). The complete motion of the particle can
be described as

mC - de + ¢a(C’ [) =0, (2)

where ¢ is the position along the orbit 1 of the sample,
m = 4/3zp,R;> is its mass, k, is the Stokes drag coef-
ficient and ¢, ({, 1) = —0U,(1)/0xo, ¢ is the acoustic
force. For details about the dynamic model and its

implementation in MATLAB, see the Supplemental
Material [41].
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FIG. 4 (color online). Particle dynamics. The particle follows
the acoustic node and shows strong oscillations at the disconti-
nuities (R; = 0.6 mm, p, = 0.04 g/cm3, T = 26 s, air viscosity
u =20 uPas, Vo = 1.45 m/s).

The results are shown in Fig. 4. The particle position {(#)
is expressed in the 8 coordinate (in blue) during the entire
revolution of period 7. Despite some limitations of the
measurements (the time resolution of the camera was of
25 fps = 0.04 s) and the experimental uncertainty of the
acoustic field inside the levitator, a quantitative comparison
is still possible. The oscillations after the discontinuity last
for about 0.5 £ 0.1 s (0.02 4= 0.004 T'), of the same order at
the model prediction, 0.9 s (0.035 T'). Moreover, the model
can predict the maximum linear velocity { at the disconti-
nuity (Fig. 4, red box). Its value of about 60 cm/s is greater
than the maximum speed that could be measured (7 cm/s)
due to the resolution limit of the camera, but is still low
enough to justify the use of the Gor’kov potential
(Supplemental Material [41].). Outside the discontinuity
regions, ¢ depends on the period length 7. In the exper-
imental setup, 7 can be adjusted from infinite, correspond-
ing to stable positioning, to 3.3 s, for a rotational frequency
f» = 0.3 Hz. The Supplemental Material, Movie SM3 [41]
shows a water droplet rotating at 0.3 Hz at orbit 0. This
rotational speed corresponds to an average linear speed of
about 1.2 cm/s for orbit 1 (SM4, [41]).

A novel acoustophoretic orbital lifting concept was
presented, demonstrated, and its physics explained theo-
retically. The concept enabled orbital motion in a plane
parallel to gravity (requiring elevation) as well as spinning
of matter. The spatiotemporal determination and control of
the acoustic field made possible the orbiting and spinning
of heavy matter, such as water droplets in the mm range, in
air. A quasistatic theoretical model was developed to capture
and predict the sample motion, and a one-dimensional
model was developed to predict the sample dynamics.
Possible applications range from the contactless material-
independent handling of liquids and solids to substrate-
independent biological reactions in drops.
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