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A B S T R A C T   

Acoustic levitators are becoming increasingly common research instrumentation for contact-free, lab-in-a-droplet 
studies. Recently, levitators that employ multiple, small, ultrasonic transducers have gained popularity, given 
their low price, temperature and spatial stability, low voltage, and accessibility. Yet, the current state-of-the-art 
device, TinyLev, presents limitations for certain applications in terms of stability, strength, and compactness. 
Herein, we developed three new levitators and evaluated the effect of the construction parameters (e.g., distance 
of opposing arrays, number and arrangement of transducers, etc.) on their performance. The best performing 
levitator from this work had half the number of transducers, compared to TinyLev, though presented 1.7 and 3.5 
times higher levitation capacity along the horizontal and vertical configurations, respectively, and 4.7 and 2.0 
times higher horizontal and vertical stability of a levitated object, respectively. Additionally, we present a direct 
means to evaluate the acoustic radiation net force acting on a deformable object for uniaxial levitators, without 
the use of a microphone or a schlieren deflectometer for this type of levitators. The theoretical and experimental 
observations provide insights for adapting the acoustic levitator design for specific applications. Finally, we 
developed an open-source software which allows the evaluation of the acoustic pressure field generated by 
customized designs and provides the necessary files for 3D printing the scaffold of the levitator. This study aims 
to increase accessibility and promote further developments in contact-free experiments.   

1. Introduction 

The ability to levitate objects with ultrasonic standing waves (f ≥ 20 
kHz) has been widely explored due to its scientific potential and tech
nological applications where the study of objects in a contact-free 
manner is central. Compared to other levitation techniques, acoustic 
levitation occurs regardless of the physical properties of the sample such 
as its electric, magnetic, or optical response, thus presenting a wide 
applicability for the study and manipulation of materials in the fields of 
soft-matter [1–3], chemistry [4–7], and biology [8–11]. The allocation 
of the sample in mid-air allows the contact-free manipulation and study 
of dynamic phenomena without the presence of a solid interference and 

associated shortcomings (e.g., contamination, surfaces induced effects, 
etc.). The main limitation is related to the weight and size of the levitated 
samples that may restrict its implementation in certain applications. 

The acoustic levitation of objects smaller than half the wavelength 
occurs slightly below the areas with the lowest time-averaged acoustic 
pressure (i.e., nodes), resulting from the destructive interference of 
counter-propagating ultrasonic waves. For airborne applications, the 
ultrasonic wave sources have traditionally been generated by high- 
power Langevin transducers coupled to mechanical amplifiers, known 
as horns or sonotrodes [12–14]. The most common configurations are 
axisymmetric cavities with single transducer-reflector (T-R) and 
transducer-transducer (T-T) apparatus [13]. Previous parametric studies 
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on the improvement of the levitation performance for the expansion of 
its applications to high-density materials (such as mercury and iridium) 
were mostly performed on T-R levitators [15–17]. However, the re
ported levitator design presented practical limitations since the field of 
view in the axial direction (see Fig. 1a), was below 1 cm leading to 
limited visual access to the levitated samples for further analysis. 
Furthermore, Langevin horns present a lack of lateral forces (see Fig. S1, 
Supporting Information), which may lead to difficulty in depositing a 
sample along with instabilities during operation. In this study, we 
focused on the levitation of small volume liquid samples (0.5–5 μL), with 
a diameter below the wavelength of the sound waves. Hence, im
provements on levitating larger objects will not be addressed. 

In the last decade, Langevin transducers have been replaced by ar
rays of small (d = 1 cm), off-the-shelf, ultrasonic transducers as the 
source of ultrasound waves. Besides the benefit of a lower cost and a 
simpler manufacturing process, these levitators achieve similar, and in 
some cases higher acoustic forces than the Langevin-based devices with 
lower power consumption [13]. Moreover, the discretization of the 
vibrating surface into small elements allows generating a dynamic 
acoustic field by controlling independently the individual phase of the 
transducers, enabling the contact-free, spatial manipulation of the 
levitated objects which can be important in applications related to 
contact-free self-assembly and mixing of hazardous chemicals [18–20]. 

The transducer arrangement may vary from planar arrays facing 
each other in one [21], and two dimensions [22], to arrays with concave 
geometries (see Fig. 1a). The latter ones allow the generation of stronger 
trapping forces [23] which is relevant for the levitation of liquid drop
lets. For the levitation of liquids, the arrays can be focused using 
different strategies [22,24]. The simplest and most efficient way to focus 
them is by placing the transducers on a concave arrangement, along an 
imaginary sphere (see Fig. 1b) [25]. The spherical, concave surface can 
be geometrically described by the radius of curvature, r, which corre
sponds to the radius of the imaginary sphere, along which the trans
ducers are place, the cavity aperture, D, which is the distance between 
the farthest transducers on the same cavity, and the opening angle, θ (see 
Fig. 1b). The most common arrangement of transducers is illustrated in 
Fig. 1c where the transducers are distributed among three concentric 
rings. Depending on the chosen arrangement and the presence or on of 
the plastic transducers casing, the packing density of the transducers, 
dtransd. can vary. This parameter is calculated from Eq. S(1) to Eq. S(3), in 
accordance to Fig. S2, Supporting Information. 

Recent studies have shown that multiple-transducers, axisymmetric, 

spherical-like levitators are capable of levitating dense objects. Marzo 
et al. [25], designed a concentric acoustic cavity (i.e., L = 2r), known as 
TinyLev that is capable of levitating objects with densities up to 6.5 
g/cm3. Additionally, it was mentioned that the trapping strength is 
enhanced by simultaneously reducing the radius of curvature, and dis
tance of opposing arrays of the levitator. Later, it was shown that by 
optimizing the distance of opposing arrays, L of TinyLev it was possible 
to levitate metallic samples, with density of up to 13.5 g/cm3, while 
presenting a sufficiently large field of view for the deposition and 
monitoring of the levitated objects [26]. Furthermore, one of the designs 
presented in this study was used for the contact-free determination of 
surface tension of surfactant solutions. The good performance of the 
levitator in terms of stability and levitation strength, allowed the gen
eration of a large dataset that was then used to train a machine learning 
algorithm that successfully correlated the droplet features to the surface 
tension [7]. Despite the recent developments in using multiple, small 
transducers for building levitators, the key designing parameters influ
encing the performance of this type of levitators remain underexplored. 
Furthermore, the diverse applications of acoustic levitation often 
require adaptation of the acoustic levitator design. Yet, there are no 
guidelines that can facilitate the choice of designing parameters for the 
customization of multiple-transducers acoustic levitators. 

Herein, three new designs of acoustic levitators, referred to as Mk1, 
Mk2, and Mk3, that differed in curvature of radius, cavity aperture, 
number of transducers, and transducer arrangement are presented. The 
designs were chosen based on practical considerations. Initially, the 
acoustic pressure and acoustic radiation force fields of each levitator was 
simulated through the theoretical framework by Andersson [27]. 
Following, their performance in terms of levitation strength, stability 
and acoustic force were experimentally evaluated. Furthermore, we 
built an interactive, open-source software where the user can input the 
desirable designing parameters of an acoustic levitator and the resulting 
acoustic pressure fields and forces are calculated. With this study, we 
provide practical guidelines for the design of acoustic levitators that 
satisfy specific needs, while the open-source software facilitates the 
design and 3D printing of customized devices. 

2. Methods 

2.1. Simulations 

All simulation were performed using the Python library levitate [28]. 

Fig. 1. a) Illustration of an axis-symmetric multiple-transducers acoustic levitator, with distance of opposing arrays, L, b) geometrical parameters that describe the 
cavity design, where D and a are the diameters and radius of circular aperture, respectively, r is the radius of curvature that defines the radius of the imaginary sphere 
the transducers are placed on (dashed line) and θ is the opening angle from the center of the imaginary sphere, c) illustration of a spherical arrangement of 36 
transducers distributed on three concentric rings, which corresponds to the design of TinyLev [15]. 
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The coordinates of the centers of the transducers and the code needed to 
replicate the simulations can be found on https://git.chalmers.se/borde 
s/omnilev. 

2.1.1. Acoustic pressure field 
The simulations of the acoustic pressure fields generated by different 

transducer configurations are based on the perturbation theory of ul
trasonic waves and results from the superposition of the acoustic waves 
generated by each transducer [29]. The acoustic pressure of a single, 
point source, transducer, j, is given by: 

pj =
eikrj

rj
J0
(
ka sin

(
θj
))

(1)  

where, rj is the distance between the transducer j and the levitation 
point, k the wavenumber, a the transducer effective radius, J0 the Bessel 
function of the first kind and zeroth order, and θj the angle between the 
observation point and transducer normal. 

The directivity pattern of each transducer was set in a circular ring 
with an effective radius of 3 mm, the operational frequency was set to 
40 kHz and the parameter p0, which corresponds to the sound pressure 
generated by a single transducer at 1 m was arbitrary set to 1 Pa. The 
values were normalized with respect to the simulated acoustic pressure 
of Mk3. 

2.1.2. Gor’kov potential 
We simulated the acoustic radiation force field that is generated 

when a polystyrene bead with diameter of 1 mm is acoustically levitated 
from the spatial gradient of the Gor’kov potential: 

F = − ∇U (2)  

where, U is the Gor’kov potential: 

U =
V
4

(

f1κ0〈p〉2
−

3
2
f2ρ0〈v〉2

)

(3)  

where V is the volume of the particle, κ0 is equal to ρ0*c0
2, ρ0 and c0 are 

the density of and the speed of sound in the medium (i.e., air), respec
tively, 〈p〉2 and 〈v〉2 are the mean square deviations of pressure and 
velocity respectively, and parameters f1 and f2 are defined as: 

f1 = 1 −
κp

κ0
(4)  

and, 

f2 = 2
ρp − ρ0

ρp + ρ0
(5)  

where, κp is equal to ρp*cp
2, while ρp and cp are the density of and the 

speec of sound within the levitated particle, respectively. 

2.1.3. Acoustic radiation force 
The acoustic radiation force applied on a spherical particle with a 

diameter of 1 mm was calculated from the class levitate.fields.Radia
tionForce of the Python library levitate [28], in accordance with Sap
ozhnikov and Bailey [30] as formulated in Ref. [27]. 

2.1.4. Axial trap stiffness 
The axial trap stiffness along the horizontal and vertical directions 

was calculated through the class levitate.fields.RadiationForceGradient 
[19] at the anti-node. This parameter is correlated to the displacement 
that the levitated object will experience. The higher the stiffness the 
more converging the forces will be, thus preventing the displacement of 
the levitated sample. Hence, the levitator’s ability to keep heavier ob
jects aloft is expected to be higher. 

2.2. Building the acoustic levitators 

The scaffolds of the acoustic levitators were designed in OpenScad, 
and 3D printed (Ultimaker S3, Netherlands) with polylactic acid (PLA). 
The polarity of the ultrasonic transducers (Manorshi, MSO-P1040H07T) 
was identified by using an oscilloscope, as described in Ref. [25], and a 
custom setup. The transducers with the same polarity were wired 
together. The operating frequency of the transducer was set through an 
Arduino Uno board at 40 kHz, while the driving signal was then 
amplified with an L298 N H-bridge. Further information about the 
transducers used for this study can be found in Ref. [31]. The levitator 
can operate i) in phase configuration, when all transducers have the 
same driving signal, and ii) in phase opposition, when a π rad phase 
difference is applied by driving the two halves using signal in phase 
opposition. This is done simply by switching the polarity on the two 
channels of the L298 N amplifier. 

2.3. Effect of distance of opposing arrays 

We levitated single water droplets at a constant operation voltage of 
9.5 V, while the levitator halves were simultaneously moved in opposite 
directions with a step of 0.1 mm in each direction, followed by a 1 s 
pause. Images were recorded during each step and the contours of the 
levitated objects were extracted through the Python library OpenCV (see 
Fig. S3, Supporting Information). The Canny edge detection algorithm 
[32] and the findContour function [33] were applied for that purpose. 
Videos demonstrating the real-time fitting and the stability of the levi
tators are available on https://git.chalmers.se/bordes/omnilev. From 
the contours we determined the center of the droplets and the aspect 
ratio, while the current consumption of the acoustic levitator was 
recorded through the Arduino Uno board with an ACS70331 module. 
The distance of opposing arrays was defined as the distance between the 
two utmost transducers, as illustrated in Fig. 1a. 

2.4. Frequency of transducers 

The frequency of the ultrasonic transducers was controlled through 
an Arduino Uno board that controlled an Si5351A (Adafruit) module as 
a clock generator whose signal was then amplified with an L298 N H- 
bridge. We varied the operating frequency of the transducers from 36 
kHz to 41 kHz and the current consumption was measured on the main 
line of the circuit using magnetoresistive current sensor module based 
on an ACS70331 chip, connected to the Arduino board. The Arduino and 
the power supply were connected to a computer running through the 
serial port. The circuit is illustrated in Fig. S4, Supporting Information. 

Two different array configurations were examined; as single-side 
independent arrays (see Fig. S10a, Supporting Information) and 
coupled arrays forming a cavity (see Fig. S10b, Supporting Information). 
The frequency sweeps were performed at three voltages (7, 10, and 12 
V), when the opposing halves were operating either in phase (φ = 0 rad), 
or in phase opposition (φ = π rad). The measurements were repeated 
three times. The Python codes are available on https://git.chalmers.se 
/bordes/omnilev. 

2.5. Levitation capacity 

We levitated a solid, spherical, silica bead with known weight, and 
we gradually reduced the voltage until the bead ceased to levitate, while 
the opposing, levitator halves were operating in phase opposition. The 
lowest voltage at which a spherical, silica bead with known weight 
stopped levitating was recorded in both vertical (normal operational 
configuration, see Fig. S14a, Supporting Information) and horizontal 
configuration (see Fig. S14b, Supporting Information). For TinyLev we 
used a silica bead with a diameter of ~1.38 mm and 1 mg in mass, when 
operating in horizontal configuration, while for the new designs we used 
a silica bead with a diameter of ~2.07 mm, and 7 mg in mass. The 
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measurements were repeated three times, and the standard deviation 
was calculated. The levitation capacity, Clev, of an acoustic levitator was 
defined as the force of gravity per minimum voltage, Vmin required to 
levitate an object of known weight, as: 

Clev =
mg
Vmin

,Vmin ≥ 5 V (6)  

2.6. Levitation stability 

The spatial stability of the levitators was evaluated with the use of 
Milli-Q water droplets with volume in the range of 0.5–5 μL, without the 
presence of setups for damping ambient-vibrations. Specifically, water 
droplets were levitated, and a digital camera (Basler, model ACA640- 
750UMAC0, operated at 1 fps) was used to record images over a 
period of 10 min. The stability was investigated at three different volt
ages (7 or 7.5 V, 10 V, and 12 V), while the opposing levitator halves 
were operating in phase opposition. The position and volume of the 
droplets were monitored and the coordinates of the center of the droplet 
on the x (horizontal displacement) and z (vertical displacement) axes 
were determined. The measurements were repeated three times, and the 
standard deviation was calculated. 

3. Results and discussion 

3.1. Designs of customized acoustic levitators 

One of the advantages of multiple-transducers acoustic levitator is 
the design flexibility, since it allows the customization of the device 
depending on the application. For instance, building a levitator with less 
transducers increases the compactness of the device, yet the field of view 
can be sufficiently large for lateral visual access to the levitated sample. 
Inspired by TinyLev [25], we theoretically and experimentally evaluated 
three designs of acoustic levitators (i.e., Mk1, Mk2, and Mk3) that were 

satisfying the demands of practical applications in terms of compactness, 
stability, and levitation strength. 

In Fig. 2, photorealistic renderings of the designed acoustic levitators 
are shown without the levitator frame. Levitator Mk1 had a radius of 
curvature equal to 28.1 mm, distance of opposing arrays of 52.2 mm, 
and consisted of 34 transducers in total with plastic casing, that were 
concentrically distributed (see Fig. 2a–b). In the case of levitator Mk2 
(see Fig. 2c–d), we further increased the compactness by removing the 
plastic casing of the transducers and placing them closer together in 
concentric circles. The total number of transducers was 24, while the 
distance of opposing arrays and the radius of curvature were 38.1 mm 
and 20.0 mm, respectively. For levitator Mk3 (see Fig. 2e–f), we used 36 
transducers, for which the plastic shells were removed, the distance of 
opposing arrays was 43 mm, and the radius of curvature was 21 mm. The 
transducers were packed in a hexagonal arrangement; this way the 
geometrically highest packing density could be achieved. Moreover, the 
opposing levitator halves were rotated at an angle of 60◦ with respect to 
each other, so that the opposing transducers were diagonally facing each 
other across the central node. The cumulative effect of the packing and 
the rotation was expected to improve the trapping force of the levitator. 

In Table 1, the design parameters are presented. The last column 
refers to the presence or absence of transducer casing. For practical 
reasons, the transducers are covered with a plastic case. As mentioned, 
for acoustic levitators Mk2 and Mk3, this casing was removed to gain 
space and increase the packing of the transducers. 

3.2. Simulations of acoustic pressure fields 

After choosing the desired design parameters, the acoustic pressure 
field that each acoustic levitator generates were calculated from Eq. (1). 
Each transducer was described as a point source with the directivity of a 
circular piston. Two different scenarios were defined, depending on the 
phase difference between the acoustic waves produced from the top half 

Fig. 2. Renderings of acoustic levitators Mk1, Mk2, and Mk3 from the from the (a–c) side view, and (d–f) top view, respectively.  
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and the bottom half of transducers. In the first case, the transducers had 
a phase difference of φ = π rad (i.e., phase opposition) and in the other, 
there was no phase difference φ = 0 rad (i.e., in phase). The phase dif
ference affects the wave interactions between the two halves, and as a 
result the position of the nodes. In Fig. 3, we present the case of phase 
opposition, where the central node positioned at z = 0 and the acoustic 
pressure is uniformly distributed around that node. This is relevant from 
a practical perspective, as often only one acoustic node is used for 
monitoring and manipulating a single-standing droplet. The case of no 
phase difference is shown in Fig. S5, Supporting Information. 

In Fig. 3a–c and Fig. 3d–f, the simulated acoustic pressure fields 
generated by each acoustic levitator, in the xz and yz planes, respec
tively, are shown. For levitators Mk1 and Mk2, the acoustic pressure 

fields in xz and yz planes are similar due to the symmetric spherical 
arrangement of transducers. However, the hexagonal arrangement of 
levitator Mk3 with the 60◦ rotation between the opposing levitator 
halves, leads to a slightly different acoustic pressure pattern on the xz 
plane compared to the previous designs. In terms of maximum acoustic 
pressure, levitator Mk2 presented equally high acoustic pressure to Mk1 
(approximately 70% of the maximum acoustic pressure generated by 
Mk3), despite having less transducers. This is attributed to the shorter 
distance of opposing arrays for Mk2 in comparison to Mk1, which in
creases the acoustic pressure around the focal point. Levitator Mk3 
presented the highest acoustic pressure, according to the simulations. 
From the packing density calculations, we observe that Mk3 is more 
densely packed than Mk1, and Mk3, by approximately 33% and 28%, 

Table 1 
Structural parameters of the acoustic levitators built and investigated: Mk1, Mk2, and Mk3.  

Levitator No. of transducers L (mm) f (mm) D (mm) r (mm) θ (◦) dtransd. (transd./cm2) Geom. arrang. Casing of transd. 

TinyLev 72 120 106 70 60 41.2 1.36 Concentric Yes 
Mk1 34 52 40 60 28 43.0 1.73 Concentric Yes 
Mk2 24 38 27 36 20 47.0 1.83 Concentric No 
Mk3 36 43 32 40 21 50.0 2.42 Hexagonal No  

Fig. 3. Acoustic pressure fields along the (a–c) xz plane, (d–f) yz plane, and (g–i) xy plane at the central node (z = 0 mm), for levitators Mk1, Mk2, and Mk3, 
respectively, when operating in phase opposition, and with an operating frequency of transducers at 40 kHz. The values are normalized with respect to the maximum 
acoustic pressure of Mk3 along each plane. The maximum acoustic pressure on the xz and yz planes is the same; however, the acoustic pressure on the xy plane is 
lower by a factor of 7.5. 
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respectively. This matches well with respect to the percent difference of 
maximum acoustic pressure along the xz and yz planes, which indicates 
that the packing density plays a key role in that respect. 

The magnitude of the acoustic pressure fields on the xy plane for each 
acoustic levitator are presented in Fig. 3d–f. It is observed that Mk1 
showed 5% of the highest acoustic pressure generated by Mk3 (see 
Fig. 3g), followed by Mk2 at 40% (see Fig. 3h). Hence, acoustic levitator 
Mk3 presented significantly higher acoustic pressure along that plane, in 
comparison to the others. This indicates that Mk3 generates higher 
lateral forces, thus leading to a more confined acoustic trap (see Fig. 3i). 
To examine whether the presence of higher lateral forces in Mk3 is 
attributed to the higher opening angle, θ, we simulated the acoustic 
pressure fields, along the xa, yz and xy planes (see Figs. S16a–c, Sup
porting Information), while also calculated the acoustic pressures along 
the x,y and z axes (see Figs. S16d–f, Supporting Information) without the 
presence of the upper, side transducers. Since 6 transducers were 
removed the total acoustic pressure would be reduced; hence to 
compensate for the loss of pressure we increased the parameter p0 from 
1.0 to 1.5. As a result, the highest acoustic pressure along the z and y 
axes remained approximately the same (see Fig. S16d and Fig. S16f, 
Supporting Information, respectively), thus we were able to compare 
only the lateral forces. In Fig. S16e, Supporting Information, it is evident 
that the lack of side transducers reduced the maximum acoustic pressure 
by 36%, which verified the hypothesis. 

The simulations constitute a preliminary tool for visualizing the 
acoustic pressure field of the levitators when no object is levitated. 
Depending on the density and shape of the sample the reflected acoustic 
waves on the surface of the object will influence the acoustic radiation 
force field. The levitate Python framework offers the capability of 
simulating the acoustic radiation forces on different materials. In Fig. S6 
and Fig. S7, Supporting Information, we have simulated the acoustic 
radiation force fields for a polystyrene bead with a diameter of 1 mm, 
based on the assumptions applied on the calculation of the Gor’kov 
potential (see Eq. (2) - Eq. (5)). It is observed that the acoustic radiation 
force around the trap is equally strong for levitators Mk1 and Mk2, while 
the radiation force of Mk3 is twice as strong. 

3.3. Experimental evaluation 

3.3.1. Effect of distance of opposing arrays 
A designing parameter that can be easily adjusted after 3D-printing 

the scaffold of a multiple-transducer acoustic levitator is the distance 
of opposing arrays. Recently, it was shown that by fine-tuning the dis
tance of opposing arrays it is possible to increase the acoustic pressure 
near the acoustic node and consequently the levitation capacity [26]. 
This can be advantageous for the study of heavier objects; however, it 
may not be optimum, in the contact-free study of chemical solutions 
with ultra-low surface tension. 

To investigate this, we used acoustic levitator Mk3 due to its high 
performance, and ease to place and levitate a sample. Initially, we 
calculated the theoretical acoustic pressure and acoustic radiation net 
force at the anti-node, in the case of Δφ = π rad, for different distances of 
opposing arrays using the Python library levitate [28]. Fig. 4a, shows that 
the theoretically highest acoustic pressure is found for a distance of 
opposing arrays of approximately 38.6 mm. Following, we simulated the 
acoustic radiation force applied on a spherical levitated particle with a 
diameter of 1 mm, in accordance with Sapozhnikov and Bailey [30] as 
formulated in Ref. [27], with respect to the distance of opposing arrays. 
In that case we predicted that acoustic levitator Mk3 will present the 
highest acoustic radiation force at a distance of opposing arrays of 44.6 
mm. 

This was experimentally evaluated by monitoring the current con
sumption of acoustic levitator Mk3 (when Δφ = π rad), in accordance 
with Contreras and Marzo [26], and the vertical position and aspect 
ratio of levitated water droplets while we varied the distance of 
opposing arrays. In Ref. [26], the acoustic pressure was evaluated 

through a schlieren deflectometer and the current consumption, where 
low consumption was associated with higher acoustic pressure. The 
vertical position was chosen as a study parameter because it is reported 
to be correlated with the acoustic radiation force [34,35]. Specifically, it 
was shown that the lower the acoustic radiation force applied on the 
object, the lower its position in space. Furthermore, in accordance with 

Fig. 4. a) Simulations of maximum acoustic pressure on the anti-node (left y- 
axis, blue line) generated by Mk3 and acoustic radiation net force on the anti- 
node applied on a polystyrene bead with diameter 1 mm (right, y-axis, orange 
line), b) current consumption of levitator Mk3, at 9.5 V, operating frequency of 
transducers at 40 kHz (left y-axis, blue line), and vertical displacement of a 
water droplet, with an initial volume of 2 μL (right, y-axis, orange line) with 
respect to the distance of opposing arrays, and c) current consumption of lev
itator Mk3, at 9.5 V, operating frequency of transducers at 40 kHz (left y-axis, 
blue line), and aspect ratio of a water droplet, with an initial volume of 2 μL 
(right, y-axis, orange line) with respect to the distance of opposing arrays. 
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Apfel et al. [34,35] the droplets tend to be spherical when low acoustic 
pressure is applied, and as the acoustic pressure is increased the droplets 
acquire an oblate shape. This is also justified by the fast that the lateral 
forces are 7.5–20 times lower than the vertical forces (see Fig. 3). 
Therefore, the aspect ratio can be used as a proxy for the amplitude of 
the acoustic radiation net force. We defined the aspect ratio as the 
height/width ratio; hence the more oblate the droplet is, as the applied 
acoustic pressure increases, the lower the aspect ratio. 

In Fig. 4b it is observed that the current consumption of Mk3 and the 
vertical position of the water droplets with respect to the distance of 
opposing arrays follow the same damping oscillation. The changes in 
vertical displacement were in the range of ±0.2 mm and we observed 
that the levitated object moved upwards when the current consumption 
decreased and downwards when the current consumption of Mk3 
increased. The highest vertical position was recorded when the distance 
of opposing arrays was 40.5 mm, which is 1.9, and 4.1 mm away from 
the distance of opposing arrays that corresponds to the simulated 
maximum acoustic pressure, and radiation force, respectively. The 
droplet ceased to levitate when the distance of opposing arrays was 
approximately 64 mm due to insufficiently high acoustic radiation 
forces to keep it levitating. This is in line with the simulations in Fig. 4a 
because at these distances of opposing arrays the acoustic pressure and 
radiation forces have exponentially decayed. 

In Fig. 4c, we observe that the aspect ratio of the water droplets 
follows a similar damping oscillation pattern as one of the current 
consumption and the vertical displacement. As the distance of opposing 
arrays increased, the droplet became more spherical, leading to an 
aspect ratio close to 1. The maximum droplet deviation from sphericity 
(lowest aspect ratio) is observed at a distance of opposing arrays of 
approximately 43 mm, which matches the chosen distance of opposing 
arrays of the design. This value deviates 4.4, and 1.6 mm from the 
simulated maximum acoustic pressure and radiation force, respectively; 
however, it matches the minimum current consumption. Above 43 mm, 
a mismatch between the peaks of the current consumption, and the ones 
of the displacement and aspect ratio began to appear. This may be 
attributed to the gradual decrease of acoustic radiation force on the 
droplet, leading to a reduced influence on the droplet. We repeated the 
measurements three times, and the same pattern was observed(Fig. S8, 
Supporting information). 

In the work by Contreras and Marzo [26] the current consumption 
and a rainbow schlieren deflectometer were employed for monitoring 
the acoustic wave fronts [36]. Inspired by their results we plotted 
separately the real and imaginary parts of the acoustic pressure, and we 
found that the real part matches the oscillation pattern of the vertical 

position, while the imaginary part matches well the aspect ratio pattern 
(see Fig. S9, Supporting Information). However, this effect is outside the 
scope of this study, and would require dedicated investigation. 
Furthermore, in Ref. [26] low current consumption was associated with 
higher acoustic pressure, which is in line with the above presented re
sults. Hence herein, we provide an additional means as a proxy of the 
acoustic radiation net force through monitoring the aspect ratio and 
vertical position of a levitated water droplet, through a camera, or in the 
case of the first parameter even with a bare eye. Following the droplet 
deformation while varying the distance of opposing arrays can lead to 
the optimum choice of distance between the two opposing transducer 
arrays, based on the application. 

3.3.2. Phase difference and distance of opposing arrays 
As mentioned, the phase difference between the two opposing halves 

will affect the wave interactions. We experimentally investigated the 
effect of phase difference on the frequency response and performance of 
the acoustic levitators by measuring the current consumption with 
respect to the distance of opposing arrays and operating frequency. This 
experiment was performed with acoustic levitator Mk3 while operating 
in phase (Δφ = 0 rad) and in phase opposition (Δφ = π rad). Fig. 5a 
shows that alternating the phase difference by π rad, shifts the damping 
oscillation pattern of the current consumption by λ/2. This verifies that 
changing the phase by π rad, is equivalent to shifting the algebraic sign 
of the signal. In the case where the two halves operated in phase (Δφ = 0 
rad), the minimum current consumption was found at approximately 47 
mm, while the maximum was at 43 mm. As showed in Fig. 4, the highest 
radiation force was found when the current consumption reached a 
minimum. This indicates that to optimally operate Mk3 in the case of no 
phase difference (Δφ = 0 rad), the distance of opposing arrays needs to 
be set at 47 mm. Hence, by altering the phase difference between the 
two halves, the performance of the levitator will change. This also im
plies that for a constant distance of opposing arrays and voltage, the 
acoustic pressure applied on a levitated object can be controlled by 
properly adjusting the phase of the transducers. The advanced control of 
phased arrays has found application in holography [20], and in the 
levitation of objects larger than the wavelength of the acoustic waves 
[37]. 

3.3.3. Effect of the operating frequency of transducers 
In all the measurements presented above, the transducers were 

operating at their resonant frequency of 40 kHz, in accordance with 
[31]. To investigate further on the wave interactions, we varied the 
operational frequency of the transducers, through Arduino, from 36 to 

Fig. 5. a) Current consumption of the acoustic levitator Mk3 and Arduino, when operating in phase opposition (Δφ = π rad, blue line), and in phase (Δφ = 0 rad, 
orange line), at 9.5 V, and operating frequency of the transducers was 40 kHz, b) current consumption of acoustic levitator Mk3 and Arduino with respect to the 
operating frequency of the transducers, while in phase opposition (left y-axis, blue line), aspect ratio of a water droplet with volume of 3.45 μL (right y-axis, green 
dotted line) with respect to the operational frequency of the transducers, while the levitator halves were operating in phase opposition (Δφ = π rad). The distance of 
opposing arrays of Mk3 was 43 mm, and the operating voltage was 9.5 V. 
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41 kHz and the current consumption was recorded in the cases where the 
two halves were opposing and not opposing each other. The measure
ments were repeated for the case where the halves were in phase, and in 
phase opposition. When the two halves were not interacting, the current 
consumption with respect to the operational frequency was the same 
regardless of the phase difference (see Fig. S11, Supporting Informa
tion). Whilst, as shown in Fig. S12, Supporting Information, the current 
consumption pattern presented different minima and maxima depend
ing on the phase difference, for the same distance of opposing arrays and 
voltage. Hence, the different patterns observed in Fig. S12, Supporting 
Information are attributed to the interactions between the piezoelectric 
transducers which in response influenced their current consumption. It 
is also observed that for the case of phase opposition, the current con
sumption of acoustic levitators Mk1, Mk2, and Mk3 was matching the 
local maximum of the operating frequency response of the transducers, 
at 39.5 kHz. However, this value is below the resonant frequency of the 
transducers (40 kHz, in accordance with [31]). 

To examine whether the performance of the device is influenced by 
this frequency shift, we levitated a water droplet and measured the 
aspect ratio and vertical position, while varying the operating fre
quencies of levitator Mk3 within the range of 39–41 kHz. The current 
consumption was also monitored through the Arduino Uno board. In 
Fig. 5b, we observe that the aspect ratio of the water droplet reached a 
local minimum when the operating frequency reached the local 
maximum at 39.5 kHz. Furthermore, we show that although the current 
consumption at 39.1 kHz and 39.6 kHz is equal to 427 mA, the aspect 
ratio of the water droplet was 0.81 and 0.72. This 11% difference in 
droplet aspect ratio is attributed to the fact that the operating frequency 
begins to deviate significantly from the manufacturing resonant fre
quency of the transducers, thus reducing rapidly the emission amplitude 
of the transducers. The measurements were repeated three times with 
water droplets of different volumes and the same pattern was observed 
(see Fig. S13a, Supporting Information). In Fig. S13b, Supporting In
formation, it is shown that the droplets moved upwards when the fre
quency increased, which is related to the change in the generated 
acoustic wavelength generated of the transducers. Overall, we showed 
that it is possible to further improve the performance of the levitator by 
changing the operating frequency, however the operating frequency 
should not deviate more than 1 kHz away from the resonant frequency of 
the transducers, or the transducers will lose in radiation amplitude. 
Since the accuracy of the 3D printed acoustic levitators is in the range of 
±1 mm, this fine-tuning can optimize the performance without changing 
the distance of opposing arrays. 

3.3.4. Levitation capacity 
The levitation capacity, Clev (see Eq. (6)) quantifies empirically the 

levitation strength of an acoustic levitator and allows the direct com
parison between them. The advantages of utilizing a solid object are that 
the weight does not vary over time and it cannot be deformed as opposed 
to a volatile liquid, thus affecting the acoustic pressure field in the same 
way throughout the measurement. Table 2, shows the lowest recorded 
voltages required, by each acoustic levitator, to levitate the silica bead 
along the vertical and horizontal configuration. In all cases a silica bead 
of 7 mg in mass was used, except for TinyLev in the horizontal 

configuration, where a 1 mg silica bead was levitated, due to insuffi
ciently high lateral forces to perform the measurements. These masses 
correspond to a weight of 68.6 μN and 9.8 μN, respectively. Through the 
levitation capacity parameter we determine the voltage at which these 
threshold forces were reached for each acoustic levitator. As a result, the 
lower the minimum voltage, the higher the levitation capacity. 

In Fig. 6a, the levitation capacity, Clev of each acoustic levitator is 
plotted. It is evident that all new designs perform better than TinyLev in 
both horizontal and vertical configurations. Levitators Mk1 and Mk2 
had similar levitation capacity, although Mk2 was operating on 20 
transducers less than Mk1. This is supported by the simulations (see 
Fig. 3) that show similar maximum acoustic pressure and acoustic ra
diation force for these two designs. Levitator Mk3 presented 3.5 and 1.7 
times higher levitation capacity than TinyLev, along the horizontal and 
vertical configurations, respectively. In comparison to Mk1 and Mk2, 
the acoustic levitator Mk3 showed on average 1.4 times higher levitation 
capacity along both configurations. Overall, the vertical levitation ca
pacity correlates well to the packing density of transducers, as Mk3 is 
more densely packed than TinyLev by approximately 56%, and 30% for 
Mk1 and Mk2, which is close to the percent difference of levitation ca
pacity. Regarding the horizontal levitation capacity, it is the opening 
angle that appears to have the main influence, as the higher the opening 
angle, θ, the larger the lateral forces and the higher the horizontal 
levitation capacity of a levitator (see Fig. S16, Supporting Information). 

This empirical metric clearly demonstrates the difference in perfor
mance among the levitators and allows a direct comparison between 
them; however, the choice of normalizing the weight by the drop-of 
voltage is certainly not sufficient to grant the relationship between 
acoustic pressure and driving voltage. Instead, we recorded the aspect 
ratio of water droplets (volume 2–2.5 μL) with respect to the driving 
voltage in the range of 6.5–23 V for Mk1 and a linear relationship was 
observed (Fig. S15, Supporting Information). One practical limitation of 
this metric is that the overall voltage of the driving circuit has a lower 
limit of 5 V which is required for operating the Arduino Uno board. 
However, this can be solved by levitating heavier objects. 

Next, we simulated the trap stiffness of each acoustic levitator. This 
parameter relates to the resistance a levitated object will experience 
while being displaced in an acoustic pressure field. Hence, if an acoustic 
levitator presents high trap stiffness, then the levitation capacity is ex
pected to be high. In Fig. 6b we observe that acoustic levitator Mk3 
presents the highest trap stiffness along the horizontal and vertical axis, 
following by Mk1, Mk2, and TinyLev. These theoretical results correlate 
well to the experimental ones obtained through the levitation capacity 
metric. 

3.3.5. Evaluation of the spatial stability 
The spatial stability of the levitated sample is an important factor 

that can influence the degree of experimental error while capturing 
images or performing other measurements on self-standing droplets or 
solid objects. This will depend on the strength and the pattern of the 
acoustic pressure field around the node, that results from the designing 
parameters presented previously. These parameters relate to the trap 
stiffness and the presence of curl forces [38]. Using liquid droplets for 
these measurements allowed the examination of potential dependencies 
between the volume of the droplet and the stability along the vertical 
and horizontal directions. Fig. 6c–d shows the average horizontal, and 
vertical displacement of water droplets (volume range: 0.5–5 μL, 
Fig. S17, Fig. S18, Fig. S19, Fig. S20 Supporting Information) over a 
period of 10 min for each acoustic levitator, at different driving voltages. 
The lowest voltage was initially chosen to be 7 V; however, with TinyLev 
and Mk2 the lowest voltage at which reproducible measurements could 
be collected was 10 V, and 7.5 V, respectively. It is observed that levi
tator Mk3 presented the least droplet displacement, hence the highest 
stability, in relation to both vertical and horizontal displacement. 
Following, levitator Mk2 presented lower stability along the horizontal 
displacement and similar stability in comparison to Mk1. From Fig. S19 

Table 2 
Experimental records of the voltage at which the silica bead was dropped by 
each acoustic levitator when the device was operating in the vertical and hori
zontal configuration. In all cases, the levitator halves were in phase opposition 
(Δφ = π rad), and the operating frequency of the transducers was set at 40 kHz * 
For TinyLev the mass of the silica bead was 1 mg, in horizontal configuration.  

Configuration/Voltage (V) TinyLev* Mk1 Mk2 Mk3 

Vertical configuration 11.1 ± 0.1 9.3 ± 0.1 8.9 ± 0.1 6.5 ± 0.1 
Horizontal 

configuration 
7.1 ± 0.1 20.8 ± 0.1 20.5 ± 0.1 14.4 ± 0.1  
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and Fig. S20 Supporting Information, we observe that acoustic levitator 
Mk2 presented higher levels of horizontal and vertical displacement for 
water droplets with volume lower than 2 μL. This may have occurred 
due to resonance between the acoustic waves and the levitated object, 
thus causing it to oscillate. 

Overall, Mk3 was 3.7 and 1.4 times better than TinyLev, 0.3 and 1.3 
better than Mk1, and 1.5 and 1.1 times better than Mk2, along the 
horizontal and vertical stability, respectively. The precise gains for each 
voltage are shown in Tables S1, S2, and S3, Supporting Information, for 
TinyLev, Mk1, and Mk2, respectively. 

4. Open-source software for designing and constructing 
customized acoustic levitators 

Depending on the target application a unique design may be 
required. To facilitate the design and fabrication of customized acoustic 
levitators we built an open-source, interactive software that computes 
the acoustic pressure and acoustic radiation force fields of acoustic 
levitators with different parameters related to the design (e.g., number of 
transducers, distance of opposing arrays, etc.), and the type of ultrasonic 
transducers. The software is based on Python which is an open-source, 
versatile, and flexible programming language, which allows easy 
adjustment of the code. Additionally, the user can export files suitable 
for 3D printing where the desirable positions of the ultrasonic trans
ducers are designated. The code and further instructions are available on 
https://git.chalmers.se/bordes/omnilev. 

5. Conclusion 

In contrast to the Langevin horn, multiple-transducers acoustic lev
itators offer high flexibility in terms of design and resulting perfor
mance, thus allowing the customization of the device for specific 
applications. Herein, we reported and examined the key designing 

principles that affect the performance of single-axis, multiple-trans
ducers acoustic levitator. We initially simulated the customized acoustic 
levitators in terms of acoustic pressure and acoustic radiation force 
fields. Following, we 3D printed and constructed the devices, and then 
evaluated them experimentally. 

The three new designs showed better experimental performance in 
terms of levitation capacity and stability than TinyLev. Furthermore, we 
showed through simulations and experimental results that by fine- 
tuning the designing parameters, it is possible to create levitators that 
are compact, yet still able to generate similar acoustic pressure to levi
tators with more transducers, as in the case of Mk1 and Mk2; however, 
they varied in terms of stability, which was attributed to a volume de
pendency effect and potential resonance between the droplet size and 
the pressure applied on it. A recent publication by Contreras and Volke- 
Sepúlveda [39] showed that by properly adjusting the phased arrays, 
further improvements in terms of stability and levitation capacity can be 
achieved. The similar levels of acoustic pressure and levitation capacity 
in Mk1 and Mk2 were mainly attributed to the packing density, and the 
opening angle. Simultaneously, it is evident that for smaller radius of 
curvature, as in the case of Mk2, one needs to choose a smaller distance 
between the arrays. Hence, the radius of curvature needs to be consid
ered when choosing an appropriate field of view for a certain applica
tion. The simulations were used as a preliminary, guiding tool to design 
new configurations. The absolute prediction of highest acoustic pressure 
and radiation net force with respect to the distance of opposing arrays 
was more challenging. However, the distance of opposing arrays can be 
easily adjusted after 3D printing, so that the acoustic radiation force is 
optimum depending on the experimental demands, while further 
fine-tuning of acoustic radiation net force can be achieved by adjusting 
the operational frequency of the transducers within limits. 

Furthermore, our results were in line with the study done by Con
treras and Marzo [26], in which the current consumption was used as a 
proxy to determine the optimum distance of opposing arrays, while we 

Fig. 6. a) Levitation capacity of acoustic levitators TinyLev, Mk1, Mk2, and Mk3 expressed as force over voltage, b) Simulated trap stiffness of acoustic levitators 
along the horizontal xy plane (orange) and the vertical xz and yz planes (blue), and stability of levitated water droplets, expressed as average displacement of droplet 
over a period of 10 min along the c) horizontal axis x, and d) vertical axis z, when the opposing levitator halves were operating in phase opposition (Δφ = π rad), and 
the operating frequency of the transducers was 40 kHz. 
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provided an additional means for the evaluation of the resulting acoustic 
radiation net force through the deformation of a water droplet. In terms 
of applications, acoustic levitator Mk1 was employed for the study of 
surface tension of surfactant solutions [7], while Mk2 may be suitable 
for studies related to mixing of solutions, fluid flow dynamics or 
solid-state NMR. Acoustic levitator Mk3 is unique due to the close 
packing of transducers in a hexagonal arrangement, which led to the 
highest stability and levitation strength among all designs. These char
acteristics are important in applications related to spectroscopical 
techniques where high-level control of the levitated samples displace
ment is crucial. 

Overall, we expect that this analysis will facilitate the implementa
tion of acoustic levitation in various fields of research, and we aspire 
that the open-source software will encourage more researchers to use 
this technique. Future development tracks lean towards the imple
mentation of a controlled phase management to control the rotation of 
spherical and oblate levitated objects. 
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