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Dynamics of levitated objects in 
acoustic vortex fields
Z. Y. Hong1, J. F. Yin1, W. Zhai1, N. Yan1, W. L. Wang1, J. Zhang2 & Bruce W. Drinkwater2

Acoustic levitation in gaseous media provides a tool to process solid and liquid materials without the 
presence of surfaces such as container walls and hence has been used widely in chemical analysis, 
high-temperature processing, drop dynamics and bioreactors. To date high-density objects can only be 
acoustically levitated in simple standing-wave fields. Here we demonstrate the ability of a small number 
of peripherally placed sources to generate acoustic vortex fields and stably levitate a wide range of 
liquid and solid objects. The forces exerted by these acoustic vortex fields on a levitated water droplet 
are observed to cause a controllable deformation of the droplet and/or oscillation along the vortex axis. 
Orbital angular momentum transfer is also shown to rotate a levitated object rapidly and the rate of 
rotation can be controlled by the source amplitude. We expect this research can increase the diversity of 
acoustic levitation and expand the application of acoustic vortices.

The nonlinearity of acoustic wave propagation in liquid and gaseous media is known to generate acoustic radi-
ation forces1 which have been harnessed to create fluid flow2, microparticle manipulation in liquids3 and to 
manipulate larger objects suspend in gases4–6. Using acoustic radiation forces to achieve levitation is of significant 
practical importance as it removes the need for the levitated object to be in contact with surfaces7 and hence been 
used widely in containerless processing8–10, chemical analysis11, 12, drop dynamics13, 14 and bioreactors15, 16.

In the most common configuration for airborne acoustic levitation is a single axis levitator is used in which 
a standing-wave field is formed between a sound emitter and a reflector, separated by an appropriate distance17. 
Objects which are denser and/or less compressible than the host fluid can be trapped in the nodes of acoustic 
pressure, which are spaced at half-wavelength intervals. The pressure nodes correspond to minima in potential 
energy and are hence often referred to as potential-wells. For example, high-density media such as liquid mer-
cury and solid iridium can be levitated18 and high-temperature alloys can be containerlessly processed in these 
devices10. However, the acoustic field in single axis levitators produces relatively large axial acoustic radiation 
forces and relatively weaker lateral forces, leading to poor lateral trapping stability. If liquid droplets are levitated 
in such systems they are often distorted into flat discs and unstable surface ripples are generated, both of which 
lead to atomization19. In addition the presence of the transducers and reflections in a single axis configuration 
limits the range of observation angles.

Various levitator configurations have recently been suggested to overcome some of the above limitations of 
single-axis systems. Foresti et al. employed multiple piezoelectric resonators to move drops and particles later-
ally in air by spatiotemporal modulation of the acoustic field20, 21. Zhang et al. showed that by controlling the 
phases of the elements in a 40-transducer planar array, bottle beams could be used to create a three dimensional 
potential-well with a uniform force distribution22. Marzo et al. showed how the drive signals to 50–100-trasnducer 
arrays could be optimized to create three dimensional manipulation and demonstrated the controlled translation 
and slow rotation of low density objects23. In addition Andrade et al.24 used three transducers placed in close 
proximity around a large light sphere and achieved levitation by setting up quasi-one-dimensional standing waves 
between each transducer and the surface of the sphere.

Acoustic vortices25–27 are acoustic waves which have helicoidal wavefronts and null-pressure centres and carry 
orbital angular momentum similar to that of optical vortices28, 29. Vortex-field acoustic levitation has recently been 
demonstrated experimentally both in water and air using large arrays of transducers and shown to have the ability 
to control particle trapping and rotation simultaneously23, 27, 30 which should be due to the coexistence of acoustic 
radiation force and torque31–35. However, in air, only a few experiments have been published and these have all 
concerned very low density solid objects (i.e. expanded polystyrene, ρ = 20–50 kg/m3). A dynamic instability and 
ejection from the trap has been observed23.
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In this paper, a range of new three-dimensional first order Bessel function shaped potential-well structures of 
arising from acoustic vortex fields are explored. Here, a small number of peripherally placed sources are used to 
dramatically simplify the experimental configuration. This apparatus is then shown to generate airborne acoustic 
vortices and stably levitate a range of liquids and solids. The acoustic radiation forces exerted on spherical objects 
in these acoustic vortex fields are predicted and the stable oscillatory and rotational dynamic behavior of levitated 
water droplets and various solid matters are observed experimentally.

Results
Potential-well structures. Acoustic vortices are characterized by an azimuthal phase, θ, dependence of 
the form e−imθ, where the integer m is the order or topological charge of the helicoidal beam and this encodes the 
angular rotation rate of the wavefront25. Acoustic vortices can be achieved by employing an array with the source 
elements excited by sinusoidal voltages, delayed by appropriate phases32, 33. Here we use arrays, shaped as regu-
lar polygons, with three to six peripherally distributed sources (Supplementary Fig. S1) and a 2πm phase ramp 
applied to the drive signals (see Methods).

To characterize the trap positions and stability of the acoustic vortex fields, the Gor’kov potential36 is calcu-
lated (see Methods) and the results shown in Fig. 1. It can be seen that the regular polygon arrangements all create 
three-dimensional potential wells which are elongated along the device axis (i.e. z = 0). With an increased number 
of sources (and setting the helicoidal order, m = 1) the acoustic potential field in the x-y plane tends to that of a 
first-order Bessel-shape which is axisymetric37 (see Supplementary Fig. S2).

To examine the potential-well structures, the levitation experiments were performed (see Methods) and the 
results are shown in Fig. 2. From Figs 1 and 2 it can be seen that, due to the finite number of transducers used here, 
around each axially located potential-well, there are number of shallow satellite potential minima. Our simula-
tions suggest that the number of satellite minima should equal the number of sources, however, as shown in Fig. 2 
this was not observed beyond 5 transducers, which we attribute to the formation of small parasitic potential-wells 

Figure 1. Potential-well structures of first-order acoustic vortex fields generated by three to six peripherally 
placed acoustic sources. The symbol “S” denotes an acoustic source. (a–d) The potential-well structures are 
displayed as three-dimensional isosurfaces of the normalized Gor’kov potential, (e–h) normalized Gor’kov 
potential in x-z plane and (i–l) x-y plane.

Figure 2. Photographs (top view) of levitated expanded polystyrene objects used to visualize the 
experimentally achieved potential-well structures.
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due to transducer inconsistencies. However, for 3–5 transducers the positions of the trapped expanded polysty-
rene objects show a good agreement with the predicted positions of the minima potential (Fig. 1). The following 
sections now consider the stability of the axially located potential-well with a focus on the 3 and 4 transducer 
systems.

Acoustic radiation force. The acoustic radiation force on a rigid sphere (radius, 1.5 mm) in an acoustic 
vortex field generated by 4 transducers is now discussed (see Methods for details of the model used). Figure 3a 
shows the acoustic radiation forces exerted on the top (z > 0) hemisphere (Ft) and bottom (z < 0) hemisphere 
(Fb) when the sphere is placed centrally, as a function of transducer separation. The forces can be seen to vary 
dramatically with transducer separation due to the resonant behavior of the central cavity, which has its first 
mode at, R = 0.92λ and its second at R = 1.43λ. We note also that, away from the resonant conditions, the forces 
decrease with increasing separation. Given these findings, we built transducers arrays in the first resonant condi-
tion (R = 0.92λ), where the input electrical energy is most efficiently converted to radiation forces. Note that the 
forces exerted on the top and bottom hemispheres are in the z-direction and directed away from the vortex centre 
(Ft > 0 and Fb < 0). This means that a deformable object in the central trap will be stretched along the vortex axis, 
namely the z-axis. At first glance this apparently tensile acoustic radiation pressure appears non-physical as it 
arises from a pressure which must always be compressive. However, the contradiction is removed because the 
radiation pressure is an excess pressure (see Methods) meaning that the forces are always compressive, the negative 
value meaning that the radiation pressure is less than that of the atmosphere. More discussion and application of 
tensile acoustic radiation pressure can be found elsewhere in refs 38 and 39.

The z-component of the total force (Fz = Ft + Fb) exerted on a rigid sphere is then calculated as a function of 
position along the vortex axis and the result is shown in Fig. 3b. Here it can be seen that Fz is always towards the 
potential-well centre and so the trapping is stable in the z-direction. However, it should be noted that in reality, an 
object will be levitated at a point below the central point where the radiation force and gravity are balanced. The 
lateral (horizontal) force (Fx) is investigated by positioning the sphere away from the vortex axis and the results 
are shown in Fig. 3c and d. It is found that, in the central region, the lateral force points towards the vortex axis 
and the magnitude of Fx (or Fy) is larger than Fz meaning that the trapping in the central trap is stable in all three 
dimensions.

Vortex-field acoustic levitation. Based on the simulations, the separation of the transducers in the 
arrays with three and four piezoelectric transducers is set to R ≈ 0.9λ (and frequency, f = 36.4 kHz) and used 

Figure 3. Simulation of the acoustic radiation force on a rigid sphere in acoustic vortex field. Results are for 
the 4-transducer arrangement and a rigid sphere of radius 1.5 mm. (a) Effect of device dimension, R, on the 
vertical component of acoustic radiation force obtained by respectively integrating acoustic radiation pressure 
over the top (z > 0) hemisphere (Ft) and bottom (z < 0) hemisphere (Fb) of a rigid sphere located at (0,0,0). 
Using R = 0.92λ, the insert shows the distribution of the normalized Gor’kov potential in the x-z plane. (b) 
z-component of the total force on the sphere as a function of location on the z-axis. (c) The x-component of 
force on the sphere as a function of location on the x-direction. (d) The x-component force on the sphere as a 
function of location on the line (0.1λ,0,z).
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to levitate objects such as silicone oil and water droplets as well as a Chimonanthus flower, as shown in Fig. 4 
(see Supplementary Movies 1–3 and note that the levitation of additional objects is shown in Supplementary 
Fig. S3). In Fig. 4a, the levitated silicone oil droplet is shaped as convex pseudo-triangle coinciding well with 
the potential-well structure shown in Fig. 1a. In Fig. 4c and Supplementary Fig. S4, the equilibrium shapes of 
the water droplets are shown to be ellipsoidal with the major axis aligned with the vortex axis. Figure 4d shows 
a levitated Chimonanthus flower which stabilizes in a position such that its stem is aligned with the vortex axis 
(Supplementary Fig. S3c and d, show a levitated seedling with an elongated root and a twig which also align with 
the vortex axis).

Dynamic behavior of the levitated water droplets. The dynamic behavior of the levitated water drop-
lets was observed in the acoustic vortex field generated by four peripherally placed transducers arranged at R ≈ 
0.9λ (see Methods). Firstly, sub-millimeter water droplets are injected just below the central trap and are caused 
to accelerate upwards towards the potential-well centre, as shown in Fig. 5a and Supplementary Movie 4. Initially 
multiple water droplets are present which quickly coalesce into a single millimeter-sized droplet which oscillates 
with decreasing amplitude until it stabilizes at an equilibrium position where the radiation force and gravity bal-
ance. The vertical vibration frequency f of the final droplet is ≈15 Hz. From Fig. 3b, the gradient of the 
force-distance curve near the array centre is near-linear. Therefore, the trapping performance can be quantified 
by a stiffness which can be extracted by assuming the object-trap system to be a simple mass-spring oscillator. 
Here, the radius of the final water droplet is about 0.7 mm, leading to a droplet mass m of 1.4 × 10−6 kg, and from, 
π =f2 k

m
, the stiffness k can be calculated as 0.013 N/m. This compares well with the value of 0.012 N/m 

obtained from the simulation, i.e. the gradient of Fig. 3b at z = 0.
The shape oscillation about the equilibrium shape of the centrally trapped water droplet is shown in Fig. 5b 

(and Supplementary Movie 5), from which it can be seen that the major axis of the droplet oscillates by a stretch-
ing and receding along the vortex axis. The frequency of the shape oscillation is ≈100 Hz. We note that similar res-
onant effects have been extensively studied in single-axis levitators12, 13, 40–42. The rotation of the centrally trapped 
water droplet due to acoustic orbital angular momentum (OAM) transfer can also be observed in Supplementary 
Movie 5. However, because of the combined motion of oscillation and rotation, the rotation rate of the water 
droplet is difficult to determine.

Figure 4. Levitating dense objects in acoustic vortex fields (top view). (a–d) The levitated objects are silicone 
oil, silicone bubble, water droplet and Chimonanthus (Wintersweet) flower, respectively. Note that the array with 
three transducers is used for (a and b) and the array with four transducers for (c and d).

Figure 5. Drop oscillation in acoustic vortex field in air. (a) The drop formation process and the vertical drop 
oscillation in the central trap. The dashed line across the images gives the stable height of the final drop. (b) 
Drop shape oscillation in the central trap. The vortex field is generated by four transducers.
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Figure 6a shows how the rotation rate of an expanded polystyrene particle varies with applied signal voltage 
(also see video in Supplementary Movie 6). It was found that the rotation rate increases with the square of the 
voltage applied to the transducers and the largest rotation rate exceeds 250 revolutions per second (i.e. r/s). This 
relationship suggests that the torque is proportional to the acoustic power32–35, which is in agreement with obser-
vations in water26, 27. We note that the OAM transfer is thought to be governed by the absorption of sound by the 
fluid and the rotation speed by the viscosity of the fluid27. Comparing the water-borne case to the airborne, the 
absorption is lower by 3 orders of magnitude and the viscosity is higher by 2 orders of magnitude. Our observa-
tions therefore suggest that, despite the large differences in these physical properties, the same phenomena exist. 
The high energy concentrated in the central region overcomes the low efficiency of the OAM transfer from air 
to the levitated particle in our system. At this highest rotation rate, a whistling sound is emitted by the spinning 
particle which can be heard by a listener located near the apparatus (see videos in Supplementary Movies 7 and 8).  
We note that the dominant frequency of the emitted sound coincides with the rotation rate which leads to the 
possibility of using a simple acoustic measurement to determine rotation rate. The phase distribution and the 
density distribution of the orbital angular momentum at the central area are plotted in Fig. 6b and c. It is shown 
that the centre of the central trap is a phase singularity and the orbital angular momentum distributes around this 
axial phase singularity. Hence, it is shown that the orbital angular momentum transfer also takes place in air, just 
as has been observed in water26, 27, 33. Note that the rotation direction and rate can be controlled by adjusting the 
direction and the energy density of orbital angular momentum.

Discussion
Acoustic levitation of objects in air is more challenging than that in water because of the lower transduction 
efficiency and the significantly lower buoyancy force in air. Single-axis acoustic levitators typically use a sound 
emitter and reflector, which are usually aligned parallel to the gravity direction and hence block the observation 
of the levitated objects from top and bottom18. In such levitators, liquid droplets are often flattened into disc-like 
shapes19 and rapidly atomizatized43. The dynamic behavior of particles in a Bessel shaped field are not simple 
as unlike the microfluidic cases considers to date27 mass and inertia play an important role. Further complexity 
comes from the fact that the restoring forces vary spatially and the particles spin at high speeds due to the low 
viscosity of the air. However, despite this complexity we show that our airborne acoustic vortex fields result in 
relatively simple oscillatory dynamics and this enables controlled and stable levitation and rotation of a range 
of liquids and various solid objects in air. There are four main conclusions from this paper. (i) Acoustic vortices 
capable of stably trapping objects in three-dimensions can be created by a relatively low number of transducers. 
This simplification will bring this levitation capability within the reach of a wide range of new researchers. (ii) 
An elongated object in an airborne acoustic vortex field tends to stand upright with its long axis coincident with 
the vortex axis. This has potential applications in container-less processing. (iii) A liquid droplet in an airborne 
acoustic vortex field can be stretched along the vortex axis due to the non-uniform distribution of forces. (iv) 
Using these simplified array devices, an object levitated in air can be controllably spun, due to orbital angular 
momentum transfer from the acoustic wave to the levitated object. This capability also has the potential to open 
up new applications in non-contact manipulation of matter in air.

Methods
Generation of acoustic vortex fields. In simulation, three-dimensional acoustic models of the regu-
lar-polygon arrays with three to six peripherally and uniformly distributed acoustic sources were built by employ-
ing finite element analysis (Comsol Multiphysics, Acoustics module). Each source has a radius of 7 mm and is 
spherically concaved with a curvature radius of 10 mm. Each source is individually driven by sinusoidal signals 
which are phase-shifted such that there is a ramp of 2mπ phase delay around the array, i.e., the relative phase, φn 
of the signal applied to each of the N sources, n = 1, 2, 3, …, N, is given by27

Figure 6. High-speed spinning of an expanded polystyrene particle in acoustic vortex field. The vortex field 
is generated by four transducers. The particle of radius 1.5 mm is levitated in the central trap of the acoustic 
vortex field. (a) The experimental rotation rate of the particle as a function of the voltage applied to drive the 
transducers. Rotation measured using a high speed camera (see Methods). (b) The simulated phase distribution 
of the acoustic field in the x-y plane. (c) The simulated normalized density distribution26 of the orbital angular 
momentum in the x-y plane.
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φ π
=

−
.

m n2 ( 1)
N (1)n

In the simulation, the frequencies of all the sinusoidal signals are set as 36.4 kHz and the amplitudes of all the 
sound emitting surfaces are given as 10 μm. Through this calculation, the acoustic pressure, p, and medium par-
ticle velocity, v , can be obtained.

In experiment (see Supplementary Fig. S1), Langevin transducers which are actuated with piezoelectric ele-
ments, served as acoustic sources. The geometrical sizes of the sound emitting surfaces and the regular-polygon 
arrays were designed according to the geometrical parameters used in simulation. The operating conditions of 
the transducers was the same as in the simulation, i.e. frequency 36.4 kHz and the amplitudes of all the sound 
emitting surfaces were adjusted to be equal, around 10 μm.

Evaluation of Gor’kov potential (force on a small sphere). According to the theory of Gor’kov36, in 
an acoustic field, the acoustic radiation force exerted on a small spherical particle can be evaluated by, = −∇

��
F U, 

where U is the Gor’kov potential. The minimum positions of U in an acoustic field correspond to acoustic traps. 
The Gor’kov potential can be calculated from the simulated acoustic pressure and particle velocity as,

π ρ ρ= −U a p c f v f2 [( /3 ) ( /2) ] (2)
3 2 2

1
2

2

where a is the radius of the spherical particle, p2 and v 2 are the mean-square fluctuations of the acoustic pressure 
and particle velocity at the point where the particle is located and ρ and c are the density and sound speed of host 
medium, respectively. The acoustophoretic contrast factors f1 and f2 are given by ρ ρ= −f c c1 / s s1

2 2 and 
ρ ρ ρ ρ= − +f 2( )/(2 )s s2 , where ρs and cs are the density and sound speed of the particle. Here (i.e. Fig. 1) we 

evaluated the normalized Gor’kov potential, U/2πa3 for a small rigid sphere, hence, ρs = ∞ and f1 = f2 = 1.

Calculation of acoustic radiation force on a larger rigid sphere. The Gor’kov potential U obtained 
above can be used to evaluate the acoustic radiation force on a small rigid sphere. However, the method is not 
accurate for larger spheres (or other shapes) as it neglects the scattering induced by large particles. To predict the 
forces on larger particles (i.e. Fig. 3) we calculated the acoustic fields by including the rigid sphere in the finite 
element (Comsol) models and then obtained the acoustic radiation force, F, by solving the surface integral of the 
radiation pressure, pr, over the relevant surface. The excess acoustic radiation pressure, pr is given by44

ρ ρ= − +p p c v/2 /2 C (3)r
2 2 2

The constant C is given a finite value to satisfy any constraint on the system or is set to zero if there is no con-
straint (here C=0).

Observation of the levitated objects. The pictures of acoustic levitation of diverse objects (Figs 2 and 4  
and Supplementary Fig. S3) were taken by a Nikon D70s camera. The motion of the water droplets (Fig. 5, 
Supplementary Fig. S4, Supplementary Movies 4 and 5) and the expanded polystyrene particles (Fig. 6 and 
Supplementary Movie 6) in the acoustic vortex fields were recorded by a Redlake HG 100 K high-speed CCD 
with a frame rate adjustable between 500 and 2000 fps. The videos of acoustic levitation of diverse objects 
(Supplementary Movies 1–3, 7 and 8) were recorded by a Sony H400 camera.

References
 1. King, L. V. On the acoustic radiation pressure on spheres. Proc. R. Soc. A 147, 212–240 (1934).
 2. Hallez, L., Touyeras, F., Hihn, J.-Y. & Bailly, Y. Characterization of HIFU transducers designed for sonochemistry application: 

Acoustic streaming. Ultrason. Sonochem. 29, 420–427 (2016).
 3. Courtney, C. R. et al. Dexterous manipulation of microparticles using Bessel-function acoustic pressure fields. Appl. Phys. Lett. 102, 

123508 (2013).
 4. Brandt, E. H. Acoustic physics: suspended by sound. Nature 413, 474–475 (2001).
 5. Hong, Z. Y., Xie, W. J. & Wei, B. Acoustic levitation with self-adaptive flexible reflectors. Rev. Sci. Instrum. 82, 074904 (2011).
 6. Andrade, M. A. B., Pérez, N. & Adamowski, J. C. Particle manipulation by a non-resonant acoustic levitator. Appl. Phys. Lett. 106, 

014101 (2015).
 7. Liu, Y. D. et al. Containerless nucleation behavior and supercooling degree of acoustically levitated graphene oxide nanofluid PCM. 

Int. J. Refrig. 60, 70–80 (2015).
 8. Foresti, D., Sambatakakis, G., Bottan, S. & Poulikakos, D. Morphing surfaces enable acoustophoretic contactless transport of 

ultrahigh-density matter in air. Sci. Rep. 3, 3176 (2013).
 9. Nordine, P. C. et al. A levitation instrument for containerless study of molten materials. Rev. Sci. Instrum. 83, 125107 (2012).
 10. Yan, N., Hong, Z. Y., Geng, D. L. & Wei, B. A comparison of acoustic levitation with microgravity processing for containerless 

solidification of ternary Al–Cu–Sn alloy. Appl. Phys. A 120, 207–213 (2015).
 11. Santesson, S. & Nilsson, S. Airborne chemistry: acoustic levitation in chemical analysis. Anal. Bioanal. Chem. 378, 1704–1709 

(2004).
 12. Seddon, A. M. et al. Control of nanomaterial self-assembly in ultrasonically levitated droplets. J. Phys. Chem. Lett. 7, 1341–1345 

(2016).
 13. Ohsaka, K. & Trinh, E. H. Three-lobed shape bifurcation of rotating liquid drops. Phys. Rev. Lett. 84, 1700–1703 (2000).
 14. Shen, C. L., Xie, W. J. & Wei, B. Parametrically excited sectorial oscillation of liquid drops floating in ultrasound. Phys. Rev. E 81, 

046305 (2010).
 15. Xie, W. J., Cao, C. D., Lü, Y. J., Hong, Z. Y. & Wei, B. Acoustic method for levitation of small living animals. Appl. Phys. Lett. 89, 

214102 (2006).
 16. Weber, R. J. K. et al. Acoustic levitation: recent developments and emerging opportunities in biomaterials research. Eur. Biophys. J. 

41, 397–403 (2012).
 17. Hanson, R. E., Domich, G. & Adams, H. S. Acoustical liquid drop holder. Rev. Sci. Instrum. 35, 1031–1034 (1964).

http://S1
http://S3
http://S4
http://4
http://5
http://6
http://1
http://3
http://7
http://8


www.nature.com/scientificreports/

7Scientific REPORTs | 7: 7093 | DOI:10.1038/s41598-017-07477-1

 18. Xie, W. J., Cao, C. D., Lü, Y. J. & Wei, B. Levitation of iridium and liquid mercury by ultrasound. Phys. Rev. Lett. 89, 104304 (2002).
 19. Lee, C. P., Anilkumar, A. V. & Wang, T. G. Static shape and instability of an acoustically levitated liquid drop. Phys. Fluids A 3, 

2497–2515 (1991).
 20. Foresti, D., Nabavi, M., Klingauf, M., Ferrari, A. & Poulikakos, D. Acoustophoretic contactless transport and handling of matter in 

air. Proc. Natl. Acad. Sci. U.S.A. 110, 12549–12554 (2013).
 21. Foresti, D. & Poulikakos, D. Acoustophoretic contactless elevation, orbital transport and spinning of matter in air. Phys. Rev. Lett. 

112, 024301 (2014).
 22. Zhang, P. et al. Generation of acoustic self-bending and bottle beams by phase engineering. Nat. Commun. 5, 4316 (2014).
 23. Marzo, A. et al. Holographic acoustic elements for manipulation of levitated objects. Nat. Commun. 6, 8661 (2015).
 24. Andrade, M. A. B., Bernassau, A. L. & Adamowski, J. C. Acoustic levitation of a large solid sphere. Appl. Phys. Lett. 109, 044101 

(2016).
 25. Nye, J. F. & Berry, M. V. Dislocations in wave trains. Proc. R. Soc. A 336, 165–190 (1974).
 26. Demore, C. E. M. et al. Mechanical evidence of the orbital angular momentum to energy ratio of vortex beams. Phys. Rev. Lett. 108, 

194301 (2012).
 27. Hong, Z. Y., Zhang, J. & Drinkwater, B. W. Observation of orbital angular momentum transfer from Bessel-shaped acoustic vortices 

to diphasic liquid-microparticle mixtures. Phys. Rev. Lett. 114, 214301 (2015).
 28. Curtis, J. E. & Grier, D. G. Structure of optical vortices. Phys. Rev. Lett. 90, 133901 (2003).
 29. Cai, X. L. et al. Integrated compact optical vortex beam emitters. Science 338, 363–366 (2012).
 30. Seah, S., Drinkwater, B. W., Carter, T., Malkin, R. & Subramanian, S. Dexterous ultrasonic levitation of millimeter-sized objects in 

air. IEEE Trans. Ultrason. Ferroelect. Freq. Control 61, 1233–1236 (2014).
 31. Baresch, D., Thomas, J.-L. & Marchiano, R. Three-dimensional acoustic radiation force on an arbitrarily located elastic sphere. J. 

Acoust. Soc. Am. 133, 25–36 (2013).
 32. Hefner, B. T. & Marston, P. L. An acoustical helicoidal wave transducer with applications for the alignment of ultrasonic and 

underwater systems. J. Acoust. Soc. Am. 106, 3313–3316 (1999).
 33. Volke-Sepulveda, K., Santillan, A. O. & Boullosa, R. R. Transfer of angular momentum to matter from acoustical vortices in free 

space. Phys. Rev. Lett. 100, 024302 (2008).
 34. Zhang, L. K. & Marston, P. L. Angular momentum flux of nonparaxial acoustic vortex beams and torques on axisymmetric objects. 

Phys. Rev. E 84, 065601 (2011).
 35. Zhang, L. K. & Marston, P. L. Acoustic radiation torque on small objects in viscous fluids and connection with viscous dissipation. J. 

Acoust. Soc. Am. 136, 2917–2921 (2014).
 36. Gor’kov, L. P. On the forces acting on a small particle in an acoustical field in an ideal fluid. Sov. Phys. Dokl. 6, 773–775 (1962).
 37. Grinenko, A., Wilcox, P. D., Courtney, C. R. P. & Drinkwater, B. W. Proof of principle study of ultrasonic particle manipulation by a 

regular-polygon array device. Proc. R. Soc. A 468, 3571–3586 (2012).
 38. Marr-Lyon, M. J., Thiessen, D. B. & Marston, P. L. Passive stabilization of capillary bridges in air with acoustic radiation pressure. 

Phys. Rev. Lett. 86, 2293–2296 (2001).
 39. Marston, P. L. Comment on “Radiation forces and torque on a rigid elliptical cylinder in acoustical plane progressive and (quasi)

standing waves with arbitrary incidence” [Phys. Fluids 28, 077104 (2016)]. Phys. Fluids 29, 029101 (2017).
 40. Marston, P. L. & Apfel, R. E. Quadrupole resonance of drops driven by modulated acoustic radiation pressure—Experimental 

properties. J. Acoust. Soc. Am. 67, 27–37 (1980).
 41. Trinh, E. H., Marston, P. L. & Robey, J. L. Acoustic measurement of the surface tension of levitated drops. J. Colloid Interf. Sci. 124, 

95–103 (1988).
 42. Marston, P. L. & Thiessen, D. B. Manipulation of fluid objects with acoustic radiation pressure. Ann. NY Acad. Sci. 1027, 414–434 

(2004).
 43. Bayazitoglu, Y. & Mitchell, G. F. Experiments in acoustic levitation – Surface tension measurements of deformed droplets. J. 

Thermophys. Heat Tr. 9, 694–701 (1995).
 44. Lee, C. P. & Wang, T. G. Acoustic radiation pressure. J. Acoust. Soc. Am. 94, 1099–1109 (1993).

Acknowledgements
This work was supported by the National Natural Science Foundation of China (Grants No. 51327901 and No. 
11104223), the Fundamental Research Funds for the Central Universities (Grant No. 3102015ZY080), and the 
Seed Foundation of Innovation and Creation for Graduate Students in NPU (Z2016033). We are grateful to B. 
Wei for his continuous support.

Author Contributions
Z.Y.H. and B.W.D. designed the experiments. Z.Y.H. performed the theoretical simulations. J.F.Y., W.Z. and N.Y. 
implemented the experiments. Z.Y.H., W.L.W., J.Z. and B.W.D. wrote the paper. All authors contributed to data 
analysis and discussions.

Additional Information
Supplementary information accompanies this paper at doi:10.1038/s41598-017-07477-1
Competing Interests: The authors declare that they have no competing interests.
Publisher's note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the 
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.
 
© The Author(s) 2017

http://dx.doi.org/10.1038/s41598-017-07477-1
http://creativecommons.org/licenses/by/4.0/

	Dynamics of levitated objects in acoustic vortex fields
	Results
	Potential-well structures. 
	Acoustic radiation force. 
	Vortex-field acoustic levitation. 
	Dynamic behavior of the levitated water droplets. 

	Discussion
	Methods
	Generation of acoustic vortex fields. 
	Evaluation of Gor’kov potential (force on a small sphere). 
	Calculation of acoustic radiation force on a larger rigid sphere. 
	Observation of the levitated objects. 

	Acknowledgements
	Figure 1 Potential-well structures of first-order acoustic vortex fields generated by three to six peripherally placed acoustic sources.
	Figure 2 Photographs (top view) of levitated expanded polystyrene objects used to visualize the experimentally achieved potential-well structures.
	Figure 3 Simulation of the acoustic radiation force on a rigid sphere in acoustic vortex field.
	Figure 4 Levitating dense objects in acoustic vortex fields (top view).
	Figure 5 Drop oscillation in acoustic vortex field in air.
	Figure 6 High-speed spinning of an expanded polystyrene particle in acoustic vortex field.


