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ABSTRACT

We use a water mist to experimentally visualize the wells in the potential energy of material levitated by a combined diamagnetic-acoustic lev-
itator. The levitator consists of an 18.5 T superconducting magnet, which can levitate diamagnetic material, such as water, plastics, and
organic materials, by applying a magnetic body force counteracting the force of gravity. Low-power ultrasound transducers operated at
37:5 kHz generate an acoustic field that spatially modulates the net force acting on the diamagnetically levitated material, making “sonoma-
glev” capable of levitating multiple objects in stable equilibrium. In these experiments, we levitate a mist of water droplets that are electrically
charged so that they repel each other, preventing them from coalescing as a single drop in each of the local potential minima. The shapes of
the potential wells are revealed by the shapes of clusters of droplets, which conform to the isosurfaces of the sum of the magnetic, gravita-
tional, and acoustic potentials. The spacing of the droplets in a cluster is shown to depend on their charge, volume, and the force constant of
the well in a simple model. Compared to acoustic levitation alone, the combination of diamagnetic and acoustic levitation allows more scope
for the manipulation of levitated objects, since the acoustic field is not constrained by the requirement to balance the force of gravity. The
method demonstrated here allows the influence on the potential energy of switching on the acoustic field to be observed directly.

VC 2024 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license (https://
creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0226729

Recently, we demonstrated sonomaglev, an experimental method
combining techniques from both acoustic and diamagnetic levitation for
contactless manipulation of water drops in an environment mimicking
“zero-G,” in the laboratory.1 The method can also be readily extended to
other diamagnetic material such as organic liquids, plastics, and biologi-
cal material. Diamagnetic levitation uses a strong, spatially varying
magnetic field to exert a force on a diamagnetic object that exactly bal-
ances the object’s weight.2–4 This magnetic force is a body force as it
acts throughout the object, at the molecular level. A field of intensity
B � 10 T is typically required to levitate such materials, though suspen-
sion in weaker magnetic fields can also be achieved if the object is
immersed in a paramagnetic fluid, by exploiting the magneto-Archimedes
effect.5–7 In acoustic levitation, high-frequency (20–100kHz) sound waves
are used to exert acoustic radiation forces on objects to suspend them
against the force of gravity.8,9 Acoustic levitation has found numerous
applications, in part due to the ability to generate a field of force that can
manipulate the position and orientation of single and multiple objects

(see, e.g., Refs. 10–13). The acoustic levitation method does have some
undesirable characteristics, however, originating from the fact that
the acoustic forces suspending the object are time-varying and act at
the surface of the object. Acoustically levitated material has a ten-
dency to oscillate and rotate;14,15 liquid drops tend to be deformed
into oblate-like shapes and become increasingly more deformed with
increasing ratio of the diameter to the acoustic wavelength; the time-
varying acoustic pressure generates streaming flows in the air, which
also set up flows within the drop, affecting heat and mass transfer at
the surface.14,16 By combining the two methods, we can retain the
desirable characteristics of acoustic levitation—its ability to readily
manipulate objects via acoustic forces—without such drawbacks,
since the sound pressure level of the acoustic field is much reduced,
by a factor �100, compared to that of a typical acoustic levitator.1

Since the acoustic forces are not required to balance the force of grav-
ity, there is also more freedom to use the acoustic field to manipulate
the objects, while maintaining the levitation.
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To fully exploit sonomaglev for manipulating objects in three-
dimensions, we require the ability to predict the forces on the levitated
objects. A variety of techniques may be used to model the pressure
fields produced by the acoustic transducers, including far-field approx-
imations,17 matrix methods for reflections,18,19 finite element meth-
ods,1,19 and boundary element methods.20 The magnetic forces can be
calculated from the magnetic field profile of the magnet, which can be
computed from the solenoid geometry, if known, and the magnetic
mass susceptibility of the material. Experimentally, it is possible to
measure the acoustic field using microphones,18 but to map a three-
dimensional volume using this technique can be time-consuming, and
reflections from the microphone can influence the acoustic field being
measured. Optical techniques such as schlieren,21,22 shadow-
graphy,21,22 synthetic schlieren,22,23 and optical feedback interferome-
try24 allow for the visualization of acoustic fields without disturbing
the underlying acoustic field. Experimental measurements of the mag-
netic field can be made using a Hall-effect sensor.

Here, we take the approach of experimentally measuring the
shapes of the potential wells in the combined magnetic, gravitational,
and acoustic potential energy of levitated test particles directly. This
method can be regarded as similar to Kundt’s well-known experi-
ment25,26 to measure the wavelength of sound. In Kundt’s tube experi-
ment, a fine dust of small particles is subjected to sound waves
generated at one end of the tube, which collect at the nodes in the pres-
sure wave. Rather than dust particles, the test particles used in these
experiments are small, electrically charged water droplets that are
freely suspended in stable equilibrium diamagnetically, before the
imposition of the acoustic field. The charge causes the droplets to repel
one another, which would otherwise coalesce into a single drop at each
of the potential minima.1

The potential energy densities associated with the external forces
acting on the droplets, the gravitational (g), magnetic (m), and acoustic
(a) forces, are given by ug ¼ ðDwat � DairÞgz, um ¼ ðvair � vwatÞB2=

ð2l0Þ, and ua � 1
2 hp2i=ðDairc2airÞ � 3

4Dairhv2i in this case.1,27,28 Here,
vwat ¼ �9:05� 10�6, vair ¼ 5:13� 10�7, Dwat ¼ 998kgm�3, and
Dair ¼ 1:2kgm�3 are the volume magnetic susceptibilities (S.I.) and
densities, respectively, at room temperature,29–31 cair ¼ 343ms�1 is the
speed of sound in air, B is the magnetic induction intensity, g is the
acceleration due to gravity, l0 is the vacuum permeability, z is the ver-
tical coordinate, and hp2i and hv2i are the mean square fluctuations in
time of the pressure and velocity fields, respectively. The net external
force acting on a droplet is F ¼ �Vru, where u ¼ ug þ um þ ua and
V is the droplet’s volume. The stable levitation points correspond to
locations where there is a local minimum in u.

The set-up used here is similar to that described in Ref. 1. It con-
sists of a custom-built 18.5 T superconducting magnet manufactured
by Cryogenic Ltd., London. The magnet has a room temperature
58mm diameter vertical bore, open at both ends. In the absence of
acoustic forces, there exists a single stable levitation point for water
when the solenoid current I lies within a narrow range,3 which, for this
magnet, produces a field at the center of the solenoid with magnetic
induction intensity B0ðIÞ � 17 T. The stable levitation point lies on
the axis of the solenoid approximately 11 cm above its center, where
B � 11T. We define a coordinate system with this point at the origin,
with vertical axis z, and x and y axes in the horizontal plane. Into the
bore of the magnet, we insert a 3D-printed plastic (PLA) ring with an
inner diameter of 39mm, outer diameter of 57mm, and a height of

20mm, containing two ultrasonic transducers (CamdenBoss
CTD40K1007T), 10mm in diameter, of the type used in the “TinyLev”
acoustic levitator.17 The transducers are positioned facing each other
along the x axis, as shown in Fig. 1, and driven in-phase by a signal
generator (Stanford Research DS345) at 37.5 kHz, corresponding to an
acoustic wavelength k ¼ 9mm and up to a maximum peak-to-peak
voltage of 20V. The transducers are not driven at their nominal reso-
nant frequency of 40 kHz, since this produced whispering gallery
modes,32 which destabilizes the levitating droplets.1

A brass water mist sprayer with a 1mm diameter nozzle was
used to spray a mist of distilled water droplets, of diameter �100lm,
directly above the mouth of the magnet bore, which then descended
toward the levitation point under gravity. The water pressure at the
nozzle is estimated to be 2 bar. By comparison, the theoretical mini-
mum size of water droplets that could be levitated diamagnetically in
this magnet, limited by Brownian motion, is �0.1lm diameter at
room temperature. To charge the droplets, the spray bottle could be
raised to a voltage 100–500V above ground by connecting it to a
current-limited (I < 10 lA) DC power supply, though, in practice, we
found that using a plastic nozzle on the spray bottle was just as effec-
tive at generating charge on the droplets. The effect of diamagnetic
forces on water fog has been investigated by Lu et al.,33 but in those
experiments, the droplets were much smaller (<5lm diameter) and
uncharged. Images of the charged droplet clouds were captured using
a camera sited approximately 2m from the magnet, using a 45� mirror
above the magnet to view the mist down the bore. We compared our
experimental results with a numerical model. To obtain um, B was cal-
culated from the known current density and geometry of the solenoid
using the Biot–Savart law; ua was calculated by a finite element
method, using the open-source software FreeFEM34 and Gmsh,35 tak-
ing into account acoustic reflections within the magnet bore. Further
details are given in Ref. 1.

A cloud of charged droplets levitated diamagnetically—without
acoustic forces—is shown in Fig. 2(a). The droplets assemble around
the single local minimum in the potential u, at ðx; y; zÞ ¼ ð0; 0; 0Þ.
Although electrostatic repulsion between the droplets prevents the

FIG. 1. (a) Diagram of the experimental set-up inside the superconducting magnet
bore. The two ultrasonic transducers are aligned along an axis, x, perpendicular to
the vertical bore axis, z. Dashed lines represent the magnetic field lines.
Schematics illustrating the forces acting on the droplets along the x axis: (b)
uncharged droplets collect at the minima in the sum of the gravitational, magnetic,
and acoustic energy densities of water, u; (c) the separation between like-charged
droplets is governed by the balance between the electrostatic repulsion Fe acting
between them and the external force F ¼ �Vru acting on them, where V is the
droplet volume.
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cloud coalescing into a single drop, some coalescence between colliding
droplets takes place before equilibrium is established, resulting in a
cluster of larger droplets near the center of the trap. The droplet cloud
attains an axisymmetric shape as expected from the cylindrical sym-
metry of the magnetic field. While several of the larger droplets appear
to be touching or in the process of coalescing from this still image,
they are, in fact, separate droplets, displaced from each other in the
vertical z direction. Figure 2(b) shows the same image overlaid on con-
tours of u in the z ¼ 0 (x–y) plane. A contour plot of u in the y ¼ 0
(x–z) plane is shown in Fig. 2(c). Figure 2(d) shows an isosurface of u,
corresponding to the red contour in Fig. 2(c), illustrating the three-
dimensional volume occupied by the droplet cloud.

Figure 2(e) shows the same charged droplet cloud as in Fig. 2(a)
800ms after the ultrasonic transducers were switched on, driven at 20V
peak-to-peak. The addition of the acoustic forces on the droplets results
in their rearrangement as the system finds its new minimum energy
configuration. In place of the single cylindrically symmetric potential
well, the mist now reveals the presence of multiple arc-shaped potential

wells along a line between the centers of the two acoustic transducers,
spaced approximately k=2 apart. Figure 2(f) shows the contours of u in
the z ¼ 0 (x–y) plane. Good agreement is obtained between the loca-
tions of the droplets observed experimentally and the shapes and loca-
tions of the potential wells calculated by the model, with the transducer
power the only adjustable parameter in the model. The magnitude of
the restoring forces in the x–y plane is of order ten times that in the ver-
tical direction as can be seen from spacing of the contours in Figs. 2(g)
and 2(h). The isosurfaces with the same potential as that in Fig. 2(d)
form twisted disc-like shapes, aligned perpendicularly to the vertical z
axis, as shown in Fig. 2(i). This agrees with our experimental observa-
tions, which show the droplets tightly confined at the locations of the
potential wells in the x–y plane.

In the absence of acoustic forces, the cluster shown in Fig. 2 can be
divided approximately into three nested layers: a diffuse outer layer of
droplets with diameter d ¼ 2606 20 lm spaced a ¼ 11006 100 lm
apart (mean6 s.d.); a middle layer of smaller, more closely spaced drop-
lets, d ¼ 1506 10 lm, a ¼ 2606 30 lm; and an inner region of much

FIG. 2. (a) Image of a cloud of diamagnetically levitated, electrically charged water droplets, with no acoustic field; (b) same image superimposed on contours of u, in the hori-
zontal x � y plane at z ¼ 0. White symbols mark the position of the acoustic transducers. (c) Contours of u in the x � z plane at y ¼ 0. In the absence of the acoustic field, u
has cylindrical symmetry around the z axis. (d) Three-dimensional view of an isosurface of u corresponding to the red contour in (c); the gray ring represents the PLA ring hold-
ing the transducers, and the blue/green contours are the same as those shown in (b). (e)–(i) Same as (a)–(d), 800 ms after the ultrasound transducers were switched on; (h)
shows the contours of u in the y � z plane at x ¼ 0. (j)–(k) Image montage showing the migration of the droplets to new equilibrium positions as the acoustic field is switched
on; (j) t ¼ 0–175ms after the acoustic transducers are switched on; and (k) t ¼ 200–2420ms. The box in the t ¼ 810ms image highlights the coalescence of two drops,
shown in more detail in (l). “Motion-blur” can be observed at t ¼ 825ms as the smaller droplet is absorbed into the larger.
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larger droplets with a wider variation in sizes, d ¼ 400–1200lm,
a ¼ 600–1000lm resulting from the coalescence of smaller droplets.
The equilibrium spacing a between droplets is governed by the balance
between the electrostatic repulsion between the droplets and the exter-
nally applied force F. Calculating the electric field inside an arbitrary-
shaped cluster of charged droplets is a non-trivial problem.36

Nevertheless, we can gain some insight into the relationship between the
charge on the droplets and a by considering the simpler problem of a
spherically symmetric cluster composed of layers of charged droplets in
a spherically symmetric parabolic potential uðrÞ ¼ 1

2Kr
2. Within each

layer, we assume that the droplets are equally spaced and have equal
charge qd and volume V d in this model. The electric field at a distance r
from the center of the spherical distribution is Er � QðrÞ=4pe0r2,
where QðrÞ is the net charge enclosed within the spherical region of
radius r.37 The net force, including electrostatic forces, on a droplet in a
particular layer at a distance r from the center is Fnet;r ¼ qdErðrÞ
�V dKr. It follows that Q � 4pe0Kr3V d=qd in equilibrium. The
charge in a thin spherical shell of thickness Dr within the layer is,
thus, (DQ � qd � 4pr2Dr=a3Þ � 4 � 3pe0Kr2ðV d=qdÞDr. Hence,
q2d � 3e0Ka3V d: the spacing between the droplets, a, within a particular
layer depends only on K and the droplets’ charge and volume in this
model. Re-arranging this equation gives the spatially averaged charge
density q � qd=a3 and volume fraction / � V d=a3 in a layer in terms
of K and the charge/volume ratio of the droplets qd ¼ qd=V d:
q � 3e0K=qd and / � 3e0K=q2d. Stability is governed by the total
energy of the system Utot ¼ U þ Ue, where U ¼ 2pK

Ð1
0 /r4dr and

Ue ¼ 1
e0

Ð1
0 qQrdr,38 from which we see that a cluster formed of drop-

lets with constant qd (constant q and /) would be in neutral equilib-
rium. Using a value of K ¼ 5� 104kgm�3 s�2, approximating the
force constant in the experiment, and using the measured values of a
and V d ¼ 4

3pðd2Þ3 gives a charge/volume ratio of qd � 1:9� 10�3,
3:9� 10�3, and 1:4� 10�2Cm�3 for the observed inner, middle, and
outer layers, respectively. Hence, both q and / are smallest in the outer
layer and largest in the inner layer. It is straightforward to verify that, in
this model, Utot is minimized by ordering the layers from smallest to
largest qd with increasing radius (and is thus the stable configuration),
given the relationship between qd, q, and / in equilibrium, despite Ue

being maximized by this ordering. As an indication of the magnitudes
of the forces involved, we give the x component of the external force act-
ing on a droplet at the location ð1:0; 0; 0Þ mm: Fx=V d ¼ �50Nm�3.
The force acts toward the minimum in u at ð0; 0; 0Þ and is in balance
with the electrostatic force acting on the droplet at t � 0.

With the addition of the acoustic forces, the droplets are confined
to potential wells with larger force constants, as can be seen from the
more tightly spaced contours in Figs. 2(g) and 2(h). At ð1:0; 0; 0Þ mm,
the external force is Fx=V d ¼ 1500Nm�3, pointing toward the poten-
tial minimum at ð2:1; 0; 0Þ mm. Since the shapes of the droplet clus-
ters confined to these wells are highly non-spherical, a more
sophisticated model of the electric field is required36 to calculate the
electrostatic forces on the droplets. Nevertheless, from our simple
model, we might expect a to decrease with increasing confinement
causing the droplets to coalesce, as we observe [Figs. 2(j) and 2(k)].
Most of the coalescence events occurred within the first 200ms after
the acoustic transducers were switched on and continued more infre-
quently over the following 3 s. The system reached a steady state after
this time. Figure 2(l) shows the coalescence of two droplets with diam-
eters 2:1 and 0:7mm. Previous experiments39 and numerical

simulations40 have shown that the coalescence of uncharged water
droplets of this size is incomplete: satellite droplets are produced with
diameter approximately half that of the smaller of the two original
droplets. In contrast, we observed no such satellite droplets in this or
any of the other coalescence events. The imposition of an external elec-
tric field is known to influence droplet coalescence,40 and oppositely
charged drops in an electric field above a threshold strength do not
coalesce.41 Here, the electrostatic forces between like-charged droplets
appear to promote coalescence. Further experiments with higher spa-
tial and temporal resolution are required for confirmation.

In summary, we have demonstrated a technique using a mist of
charged water droplets as test particles to visualize the wells in the
combined magnetic, acoustic, and gravitational potential energy of
water in a sonomaglev set-up. Our experimental results agree well with
a numerical model of the potential energy. In a simple spherical-
parabolic model of a potential well, the spacing of the droplets in a
cluster is shown to depend only on their charge and volume and on
the force constant of the well. Since we have used water mist in these
experiments, the results are strictly applicable only to water levitating
in the magnet. However, since many diamagnetic materials have a sus-
ceptibility and density close to water, such as organic oils and plastics,
results obtained from water droplets also provide a good estimate for
the location of the potential wells of these materials. The acoustic
wavelength k, which governs the well size and separation, can be
altered by using transducers with a different resonant frequency. For
example, using 100 kHz transducers12 would reduce the well separa-
tion by a factor of 2.5–1:7mm.

The capacity to manipulate clusters of diamagnetically levitated
drops under the action of acoustic and/or electrostatic forces has sev-
eral applications. For example, previous studies have used acoustic lev-
itators to study the evaporation rate of clusters of drops (e.g., Ref. 42).
This system provides an opportunity to measure the evaporation rate
of three-dimensional clusters of freely suspended drops in a quiescent
system, without the complicating effects of acoustic streaming flows.16

The self-organization of the levitated clusters can also be studied. The
ability to manipulate suspended microdroplets could find applications
in microfluidics and containerless chemistry. Coalescence, and so mix-
ing, of levitated droplets or clusters of droplets can be triggered by
acoustic forces, as we have demonstrated here.

The flexibility to change the forces controlling position indepen-
dently of the forces required for levitation allows greater scope in
manipulating material than can be achieved by acoustic or diamagnetic
levitation alone. This method of experimentally visualizing the poten-
tial wells in sonomaglev will facilitate the development of more com-
plex set-ups using more transducers, allowing for greater control over
the forces acting on the levitated material in three-dimensions.
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