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Abstract
We present a design of an acoustic levitator composed of 35 ultrasonic transducers 
operating at 40 kHz configured to form a spherical cavity. The acoustic radiation 
force measured experimentally in the center of the cavity is F

rad
≈ 9.6mN , enough 

for levitating spheres as well as irregular particles of different materials of up to ~ 50 
mg. Levitation tests have been performed with particles of different geometries and 
compositions, including liquid droplets and minerals relevant in studies of atmos-
pheric aerosol and cosmic dust. This device has been deployed in the center of a 
polar nephelometer set-up to conduct studies of light scattering by irregular solid 
particles and liquid droplets. Test experiments have been carried out using a 1.5 mm 
diameter NBK- 7 glass sphere, for which three elements of the scattering matrix 
have been measured as functions of the scattering angle using a 647 nm diode laser. 
Mie theory calculations of the scattering matrix elements at this wavelength agree 
well with the measurements, demonstrating the functionality of the whole device.
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1  Introduction

The first studies of acoustic levitation in the XIX century aimed at measuring the 
speed of sound and visualizing longitudinal standing waves by means microparti-
cles of fine dust in a transparent tube [14]. Since then, several theories have been 
developed to describe this phenomenon and find new specific applications [10, 13, 
23, 27]. With the rise of miniaturized technologies, the use of acoustic levitators 
is becoming increasingly popular because of the availability of commercial ultra-
sonic transducers at very low cost. This brings up many opportunities, not only for 
researchers, but also for educational purposes.

In general terms, an acoustic levitator can be built with a transducer using: 
a) a plane reflector, b) a concave reflector or c) another transducer at the same 
frequency placed in the opposite position. In any case, the levitator needs to 
be connected to a signal generator producing sinusoidal standing acoustic 
waves. The device can be designed in such a way that the acoustic radiation 
force exerted on a particle situated between the two ‘loudspeakers’ is enough to 
levitate it. Such devices are useful in many research fields, particularly in those 
where contactless manipulation of samples is needed. In biology for example, 
acoustic levitation is used for harmless manipulation of small living animals [1, 
26]. In medicine, this technique is being explored to manipulate single drops of 
human blood to enable the diagnosis of blood diseases [5]. In materials science, 
levitation experiments are conducted to study physical effects under micrograv-
ity conditions [24]. Today, new developments of levitators allow controlling 
transportation and orientation of samples in any direction while they are levitat-
ing in the midair [15, 16].

The Cosmic Dust Laboratory (CoDuLab) at the Instituto de Astrofísica de Anda-
lucía (IAA), in Granada, Spain, is an experimental facility devoted to the charac-
terization of the light scattering properties of cosmic dust analogues samples [20]. 
The goal is to get insight on the physical properties (size, composition and mor-
phology) of cosmic dust grains by the analysis of their measured scattering matri-
ces as functions of the scattering angle [12, 19]. To date, the scattering matrices 
of clouds of randomly oriented micron-sized dust particles have been measured by 
placing at the instrument target region an aerosol stream produced by a so-called 
aerosol generator. The aerosol generator can handle particles with radii ranging 
from below the micron up to a maximum radius of 100 microns. The acoustic levi-
tator presented here aims at extending the size range of the solid particles that can 
be analyzed at CoDuLab up to a few millimeters. Also, the capability of manipulat-
ing liquid droplets enables scattering experiments devoted to characterizing liquid 
samples where the droplets my act as a convenient enclosure of smaller particles. 
This may prove useful in exploring the potential of light scattering in the diagnosis 
of certain medical diseases in body fluids.

In this paper we present a design of an acoustic levitator composed by 35 
ultrasonic transducers operating at a frequency of 40 kHz configured in a spheri-
cal geometry of diameter 8λ, where λ ≈ 8.6 mm is the wavelength of the standing 
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wave at 20 °C. This design is based on the technical principles of a previous levi-
tator called ‘TinyLev’ [17], and has been implemented according to the require-
ments of CoDuLab. This paper is organized as follows: Sect. 2 summarizes the 
theory of acoustic levitation. In Sect. 3 the development of the levitator design 
is described. Section 4 describes the control-electronics and the control software 
interface. The experimental results are presented in Sect.  5, it includes meas-
urements of the acoustic force exerted by three different configurations of ultra-
sonic transducers. The light scattering technique and optimization method of the 
CoDuLab apparatus are explained in Sect. 6, in which we present light scattering 
measurements of a levitated NBK- 7 glass sphere characterized from Edmund 
Optics (ø 1.5 mm ± 0.0025 mm). Finally, the conclusions and future application 
are included in Sect. 7.

2 � Theory

Important efforts have been invested in extending the acoustic levitation theory 
to different resonant geometries [6, 8], and even more to achieve a second-order 
approximation for ultrasound perturbations in fluids [7]. Nevertheless, the first-order 
approximation is enough for the development of this work. Here, we follow the 
analysis stated by Andrade et al. [3] assuming a small rigid sphere of radius R << λ 
immersed in an ideal fluid. According to this analysis in the simplest formulation of 
a standing wave field, a single-axis acoustic levitator consists of a transducer and a 
plane-reflector separated conveniently by a distance of a multiple of the half-wave-
length associated to the ultrasonic emission. Thus, a resonant cavity of length L ≈ 
n λ/2 is formed, where λ is the wavelength of the standing wave. The first operation 
mode in such levitator occurs when L ≈ λ/2, where only one node position at z = λ/4 
exists. Therefore, in a cavity of length L, the nth node position will be zn = n λ/2 
+ λ/4, with n = 0, 1, 2, 3 …

A very light object much smaller than λ should levitate in any node where the 
acoustic pressure is zero, whereas for heavier objects its levitation position will be 
slightly below of such node due to the action of gravity, as is depicted schematically 
in Fig. 1.

The acoustic radiation force Frad exerted on a levitated sphere of density �p , and 
the minimum acoustic pressure amplitude pmin

0
 , required to levitate such sphere are 

given respectively by:
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where ρ0 is the fluid density, c0 is the speed of sound in such fluid, p
0
 is the acoustic 

pressure amplitude, z is the vertical position of the sphere; g is the acceleration of 
gravity, m is the mass of the sphere, and k = 2π/λ = ω/c0 is the wave number (λ = c0/f 
and f = ω/2π are respectively the wavelength and frequency of the standing wave).

In the presence of gravity, the gravity force Fg = −mgk acts all time on the 
sphere, hence the levitation is possible only when Frad > Fg . The vertical displace-
ment of the sphere from the node is proportional to the radiation force, hence Frad 
can also be approximated by Eq. (3) as the restoring force of a spring:

where the elastic constant is given by:

In Eq. (4) we can use k = 2πf/c0 to obtain:

It is important to keep in mind that the force that acts like a spring push the 
sphere towards the node. This analogy allows to calculate the distance between the 
sphere and the node by:
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Fig. 1   Sketch of the acoustic 
levitation of a sphere placed at 
the node in the middle of the 
resonant cavity (based in Fig. 2 
of [3])
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When the sphere is perturbed by an external force, its movement is similar to that 
of a simple oscillator whose natural oscillation frequency can be estimated by:

The natural oscillation frequency Ω is proportional to the acoustic pressure 
amplitude and can be controlled by varying the pressure amplitude in the cavity.

3 � Levitator design

Our ultimate goal is to levitate a range of materials that spans from fluids to min-
eral particles of varied sizes and porosity. The following strategy has been fol-
lowed for the design of the levitator. We started with the simplest model that has 
been gradually refined through different stages to achieve a design that allows us 
to levitate a broader range of materials while maintaining maximum levitation 
stability. The simplest model consists of a single element transducer. This com-
pact device has diameter of 1 cm and a length of 10 cm and a power consump-
tion smaller than 1 W (Fig.  2. left). It consists of a reflector plane in the third 
resonant mode and a single cavity of physical length L ≈ 3λ/2, where λ ≈ 8.6 mm. 
We started with this simple initial model to verify the validity of the theory. Addi-
tionally, it allows us to use it in training and outreach activities. In a second step 
we developed a 7-element in a circular array device that allows to levitate several 
samples simultaneously (Fig. 2. middle). Here, the samples can be placed in the 
generated nodes by each transducer. The area covered with this array is around 3 
cm in diameter. This device operates with a reflector plane in a whole cavity of L 
≈ 4λ, thus providing eight operation modes for each transducer. Its whole power 
consumption is less than 3 W. Both devices are limited to irregular samples with 
very low density and very small liquid droplets.

To levitate higher-density samples we increased the array up to 35-elements con-
figured to form a hemispherical geometry of radius R ≈ 4λ (Fig. 2. right). A concave 
reflector with the same radius of curvature is placed opposite to the transmitter. The 
roughness of the concave surface is ~ 50 μm, achieved manually by using sandpaper 
of different grain sizes. The surface was then coated with a thin layer of black paint 
of high opacity. Both parts are separated vertically by 24 mm. The transmitter is 
capped to prevent manual contact with the electrical connections. This design allows 
us to levitate particles of up to 50 mg located in the center of the spherical cavity 
where the maximum value of the acoustic force is exerted. The whole power con-
sumption of this device is around 11 W.

In all three designs, we used ultrasonic transducers (MANORSHI, model: MSO-
P1040H07 TR) operating at 40 kHz mounted on 3D printed mounts. In order to 
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have clean emission from all transducers, we removed their protection grids from 
its plastic case because in this way we observed that the signal amplitude could be 
increased up to ~ 10%.

With these designs we levitated spheres of expanded polystyrene (EPS) of ~ 2 
mm in diameter. The very low density of this material allows trapping the spheres in 
each node of the acoustic field; its vertical displacement caused by gravity could be 
considered as negligible. Figure 2 shows the three configurations with their opera-
tive modes, and acoustic field simulations made with the ‘Ultraino package’ (https://​
github.​com/​asier​marzo/​Ultra​ino).

All structural components including the support were built with a 3D printer 
at 99% density and can be attached to each other by means of screws. The whole 
device is mounted on a metric XYZ-Positioner, which in turn is mounted on a 360° 
Rotary positioner (Edmund Scientific). Figure 3 shows the schematic design and a 
picture of the levitator mounted on the CoDuLab’s optical bench. In this picture we 
can appreciate the NBK- 7 sphere levitating on the center of the cavity, which is illu-
minated with a 647 nm diode laser.

4 � Control interface

The control interface shown in Fig. 4 (left panel) was developed particularly for this 
hardware and offers the following features:

•	 It contains a universal serial bus (USB) command handler that links the hard-
ware control with the software located inside the laboratory control room. The 
next points describe the items controlled by this connection.

Fig. 2   Array configurations and 
operation modes with simula-
tions of acoustic fields: 1-ele-
ment (left), 7-elements (middle), 
and 35-elements in a spherical 
cavity of R = 4λ (right)

https://github.com/asiermarzo/Ultraino
https://github.com/asiermarzo/Ultraino
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•	 Through digital outputs we can act on the phase control signals implemented in 
Tinylev, increasing or decreasing this gap. Similarly, it allows the activation of a 
reset signal to put them in phase.

•	 Through digital outputs, the power stage in each phase provided to the trans-
ducer array can be activated/deactivated.

•	 The power stage thermal control includes a dual full-bridge L298P driver (ST 
Microelectronics) with a junction-to-ambient thermal resistance of 13 °C/W, 
including its corresponding thermal dissipation pad. In this way, we achieve high 
stability of the output power, independent of temperature fluctuations, which will 
provide greater levitation stability over extended periods of time. The firmware 
cyclically reads a PT1000 temperature sensor every second and according to a 
programmed set point (40°) and a permissible hysteresis (10°), it automatically 
activates a fan installed on the L298P device.

•	 The temperature sensor reading is always available upon request from the soft-
ware (Driver Temperature display, Fig. 5, left panel).

•	 The firmware automatic thermal control can be activated/deactivated from the 
software. In case this automatic control is deactivated, the software can activate/
deactivate the fan upon user request.

The control software is a graphical user interface (GUI) environment that allows 
the user to interact with the levitator. This software is installed in the CoDuLab gen-
eral control computer. Some of its features have been described above but, in addi-
tion, the following can be highlighted:

•	 Sample-position control (Fig. 4, left panel). From the main screen of the applica-
tion the user can access to a continuous button to move the sample up (UP button) 
or down (DOWN button) with uniform speed. Likewise, the user has access to a 
button that generates a discrete movement, designed to shift the sample in or out 
of the measurement spot (UP pulse, Down pulse buttons). The Reset button turns 

Fig. 3   Schematic design (not to scale) and a picture of the levitator mounted on the optical bench at 
CoDuLab
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off the transceivers signal causing the levitated sample to settle in the levitator 
lower cup.

•	 Image of the low light vision camera (Fig.  4, top right panel). This camera 
allows the user to check if the sample to be analyzed is located in the path 
of the laser. It does not allow discriminating whether it is at the center of the 
beam, because when entering the measurement spot the image can become 
saturated. The user can present or close the presented image in a new window 
of the program, and also can select the image area of interest.

•	 Power driver temperature (Fig. 4, bottom right panel). The GUI continuously 
presents the current temperature of the power driver. It is marked with a red 
frame; in case the firmware has activated the extra dissipation fan in its auto-
matic control cycle. Similarly, the user can review the history of the driver 
thermal behavior since the session was started, activating a window with a 
data graph.

The general goal of this software is to consume little resources from the opera-
tive system and not interfering with the laboratory control program, which is pri-
ority. For this reason, a multi-window platform was set for camera; power supply 
and thermal history control (see Fig.  4). The user shall only activate/deactivate 
the graphic processes required at all times.

Fig. 4   Multi-windows software 
interface for the levitator´s con-
trol with a plot of temperature 
and an image of the levitated 
sample during its characteriza-
tion at CoDuLab

Fig. 5   Spheres and irregular 
samples of different materials. 
The size of the fused quartz 
sphere is indicated in yellow (ø 
1.5mm)
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5 � Experiment

5.1 � Samples

The functionality of our levitator was tested with the levitation of a water drop-
let, 6 spheres and 6 irregular samples of different materials. The particles can 
be described referring to Fig.  5 as: metallic sphere (#1), silica gel sphere (#2), 
glass sphere (#3), polypropylene sphere (#4), polystyrene sphere (5), fused quartz 
sphere (#6), quartz crystal (#7), ferruginous quartz crystal (#8), brown sugar (#9), 
sea salt (#10), volcanic ash (#11) and baked clay (#12). The physical properties 
of all samples are listed in Table 1.

For estimating the density �p of each sample, in particular for the irregular 
samples, we used their physical dimensions to form a hypothetical geometrical 
solid, then we approximated its volume to obtain

where �est
p

 is the estimated density; mmeas is the measured mass, and Vapprox is the 
approximated volume.

The mass of all samples were measured using a microbalance (ADAM-High-
land, model: HCB123) with a resolution of 1 mg. To ensure its performance, we 
used the plastic draft shield that surrounds the stainless-steel pan to avoid air 
perturbations and get more stable readings. For each reading we turned-on and 
turned-off the power supply during three times then we averaged its value.

5.2 � Acoustic force measurements

For estimating the acoustic pressure amplitude p
0
 in each of our designs, we meas-

ured first, the exerting acoustic force Fmeas on the metallic pan of the microbalance. 
For this, we turned the reading mode of the microbalance to mN units. Then we 
placed each device in operative mode aligned to the center of the metallic pan, 
which in turn acts as a plane reflector isolated by the plastic draft shield. For each 
measurement, we varied manually the vertical distance from 0 to 4λ in λ/2 steps 
with respect to the reflector. For this, we used a metric XYZ-Axis positioner mounted 
on a 360° rotary positioner (Edmund Scientific), as is shown in Fig. 6.

For each reading we turned-on and turned-off the power supply during three 
times then we averaged its value. We observed that a single-element transducer gen-
erated ~ 1 W of power consumption and exerted a maximum acoustic force of ~ 0.36 
mN on the reflector, whereas for the configuration of 7-elements, the power con-
sumption and acoustic force were ~ 3 W and ~ 2.45 mN. For the arrangement with 
35-element, those values were ~ 11.5 W and ~ 9.6 mN, respectively.

The plots in Fig. 7 summarize the acoustic force measured against vertical dis-
tance. Note that, for the spherical configuration, the variation of vertical distance 
every λ/2 step started around the center of the cavity, where its maximum value is 

(8)�p ≈ �est
p

=

mmeas

Vapprox
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expected. The maximum for the array of 7-elements occurred at a vertical distance 
of λ, whereas for a single element was at 3λ/2.

The acoustic pressure amplitude, estimated for each device may be considered 
equivalent to:

where A is the area covered by the number of transducers in each case. As an exam-
ple, each transducer has an emitter of ~ 8 mm in diameter. Then, for a single trans-
ducer, A = �r2 ≈ 5 ∙ 5

−5
m

2 , therefore pest
o

≈ 7.16Nm−2 . For the array of 7-elements, 
A ≈ 3.5 ∙ 5

−4
m

2 and pest
o

≈ 6.96Nm−2 . For the hemispherical configuration whether 
we assume that the acoustic pressure converges to a point at the center of the cavity, 
it will tend to produce an indetermination in Eq. (9). To avoid this indetermination, 
we must consider a small area on the metallic plane reflector as a circumference 
of radius r ≠ 0 . Assuming for instance r = 1 mm, we obtain A ≈ 3.14 ∙ 5

−6
m

2 , and 
therefore pest

o
≈ 3056

N

m2
.

If p
0
 or Ω were known, the acoustic radiation force Frad and the elastic constant 

K could be estimated easily by applying Eq. (2) or Eq. (3). However, experimen-
tally their determination it is not a simple task. One of the most used experimental 
methods consists in using a laser vibrometer to obtain the pressure profile in the 
acoustic cavity, and by using a high-speed camera to capture the natural oscil-
latory movement of the sample, then plotting its vertical position as a function 
of time [2, 18]. In both cases, the data can be treated by graphical analysis. This 
method could not be used in in this work due to budgetary constraints. To address 
this issue, we considered that for each one of the levitated samples pmin

0
< pest

o
 as 

is shown in Table 1. Ignoring sample #1 in this table, we observed that the highest 
estimated value of pmin

0
 corresponds to sample 6, which is slightly lower compared 

to pest
o

 . Therefore, we can assume that p
0
≈ pest

0
 can be used for estimating K , Δz , 

Ω , and Frad of each sphere. For the irregular samples it is not possible to do these 
estimations because of it is required the factor of dependence R.

We have discarded sample #1 in this assumption because its high density 
and weight requires at least pmin

0
≥ 5250Nm−2 to be levitated. This value is 

(9)pest
o

=

Fmeas

A
≈ p

0

Fig. 6   Set-up for measuring the acoustic force with an electronic microbalance. a) a single element. b) 
7-elements in a circular array. c) 35-elements in a hemispherical array
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higher than the maximum value estimated for our levitator ( pest
o

≈ 3056Nm−2 ). 
For this reason, we levitated a water droplet instead (Fig.  8, number 1). The 
volume of the water drop was ~ 5 μl filled with a syringe (Hamilton 65RN 5 
μl). There are several studies in the literature related to liquid droplets levita-
tion [9, 22], but our interest here for the moment was only for functionality 
tests and demonstrative purposes of our levitator. Interested readers can refer 
for example to an extended and practical study for acoustic levitation of water 
droplets [4].

5.3 � Levitation tests

Figure 8 shows pictures of the samples taken during their levitation inside the 
spherical cavity of the levitator. In picture number 1 we can appreciate how 
the water droplet turns to an ovoid form, as expected for most of the levitated 
liquids. We observed that samples 2–4 could not be stabilized by varying the 
acoustic pressure amplitude in the cavity, but they remained levitating for long 
periods of time under constant oscillations as can be appreciated in their pic-
tures. That may be due to the diameter size of these samples is quite bigger 
than λ/2, thus giving big volumes, and/or because their density pest

o
 is close to 

pmin
o

 . In contrast, samples 5 and 6 remained stables and levitating during long 
periods of time (several hours).

On the other hand, the morphology of samples 7, 9 and 10 generated slow rota-
tions around z-axis in both, right and left directions. The morphology of samples 8 
and 11 caused very fast rotations thus turning the samples as solids of revolution, 
whereas sample 12 caused constant oscillations, as can be appreciated in their cor-
responding pictures.

Fig. 7   Acoustic force against 
vertical distance (λ ≈ 8.6 mm) 
measured on the center of the 
microbalance. In blue: a single 
transducer; In red: 7-elements in 
circular array; In black: 35-ele-
ments in a hemispherical array
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The particular case of sample 5 (sphere of polystyrene), whose very low density 
turns that the levitator can be operative only with a few Vpp (votls-peak-to-peak). 
This sample could be levitated and stabilized for very long periods of time without 
appreciation of any change. Even more, this sample and of course other samples 

Fig. 8   Pictures of the samples 
taken during their levitation 
on the spherical cavity of our 
levitator. Note that sample 1, the 
metallic sphere, was replaced by 
a water droplet of 5 μl 
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with similar size and densities can be levitated using only one transducer, as was 
demonstrated in Sect. 3.

6 � Light scattering apparatus

6.1 � Description

CoDuLab is essentially a polar nephelometer designed to measure the angular 
dependence of the scattering matrix of cosmic dust analogue samples (Fig.  9). 
The 4 × 4 scattering matrix F of a particulate sample depends on the sample 
physical properties (such as size, morphology and composition), wavelength 
of the incident radiation, distance to the detector, and the scattering direction, 
which, for randomly oriented particles, is fully described by the scattering angle 
θ. The origin of the coordinate system is located inside the illuminated particle. 
In this coordinate system, the scattering angle is defined as the angle between 
the incidence and scattering directions. The plane of reference is the scattering 
plane, i.e., the plane containing the incident and the scattered light. This scatter-
ing matrix acts on the Stokes vector of the incident light beam, which defines its 
flux and its linear and circular polarization states, modifying the Stokes vector of 
the scattered light accordingly [11]. The set-up of the light scattering apparatus 
at CoDuLab has been described before in [19, 20], and therefore only a brief 
description is provided here. Light from a diode laser (available wavelengths are 
405, 488, 514 and 647 nm) passes through a polarizer and an electro-optic modu-
lator before hitting a sample placed at the center of the set-up. The sample can 
be a thin cloud of micron-sized particles generated by an aerosol generator (solid 
particles) or a nebulizer (liquid droplets). The aim of this work is to position a 
mm-sized single cosmic dust grain at the center of the scattering volume (the ori-
gin of our reference coordinate system) for a long enough time to perform the 
scattering measurements. The use of a levitator for sample positioning allows us 
to avoid the use of supports or containing vessels, whose reflections could distort 

Fig. 9   Experimental set-up with the levitator implemented into the light scattering apparatus
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the measurements. Furthermore, the use of the levitator facilitates the retrieval of 
the sample after the scattering measurements.

The light scattered by the sample is detected by two photomultipliers (detector 
and monitor). The detector moves around the center of a 1 m diameter ring spanning 
scattering angles (θ) between 3° and 177°. The monitor is placed at a fixed angular 
position and its mission is controlling the fluctuations of the laser signal and/or the 
sample. There are two optional optical elements in front of the detector (a quarter 
waveplate and an analyzer). The modulation of polarization of the incident light, 
in combination with the optional optical elements and lock-in amplification allow 
to simultaneously obtain several elements of the scattering matrix with a high sig-
nal to noise ratio. In particular, the element F11(θ), known as the phase function, is 
proportional to the flux of the scattered light for unpolarized incident light. Also, 
for unpolarized incident light, the ratio -F12(θ)/F11(θ) is called the degree of linear 
polarization (DLP).

Alignment and optimization are performed by measuring spherical particles, for 
which exact calculations of the scattering matrix can be performed using Mie theory, 
and hence a reference for the measurement quality is available. Usually, a nebulizer 
is employed to generate a cloud of micron-sized spherical water droplets. The align-
ment of the optics and the voltages applied to the optical modulator are fine-tuned 
until agreement between the measurements and the Mie model results are good [19].

6.2 � Scattering matrix measurements

We have tested the performance of the nephelometer plus levitator by comparing 
measured scattering matrix elements of an NBK- 7 glass sphere (ø= 1.5 mm, refrac-
tive index m = 1.5148 + i1.22E- 08) to results of Lorenz-Mie computations for the 
same sphere. The calibration sphere size has been selected similar to that of the 
potential target dust grains. The objective is to optimize the position of the sphere 
relative to the beam and detectors, as well as the beam spot size, and determining 
whether the stability of the position of the levitated particle is enough to perform the 
scattering measurements.

In Fig.  10, we display the measured (symbols) and computed (solid lines) ele-
ments and ratio of elements (F11(θ), -F12(θ)/F11 (θ), and F14(θ)/F11 (θ)) of the scat-
tering matrix for the NBK- 7 sphere. Measurements and computations are performed 
at a wavelength of 647 nm.

Measured data span over the 3° and 177° scattering angle range. We find a good 
agreement between the experimental and theoretical data across the entire range of 
scattering angles. This indicates a good alignment and homogeneous illumination 
of the sphere in the optical train. The F14(θ)/F11 (θ) ratio for a spherical particle is 
equal to zero at all scattering angle range. Small differences between computed and 
measured data are due to the reflection on the levitator reflector part of the light 
scattered by the transparent sphere. This stray light is minimum when dealing non-
transparent irregular dust grains.
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7 � Conclusions and outlook

Light scattering experiments of large (mm-sized) dust samples require contactless 
manipulation to avoid interference of supporting pods and to enable easy measure-
ment in random orientation. Acoustic levitation can be used for this purpose. We 
have presented the design of an acoustic levitator capable of levitating different 
types of samples with masses up to about 50 mg. Such design is easily re-scalable to 
a bigger one to levitate heavier samples just by increasing the radius of curvature of 
the cavity and the number of transducers.

Our simulations and levitation experiments demonstrate the functionality of 
our device. The scattering results obtained confirm that the acoustic levitator can 
be used to suspend samples in the optical train of CoDuLab’s light scattering 
apparatus. This expands the range of samples that can be studied at CoDuLab, 
not only to large compact particles as those considered in this work, but also to 
low porosity aggregates that may be formed by levitating together a bunch of 
smaller particles. Large particles with high porosity are currently believed to be 
abundant in the cometary tail of comet 67P/Churyumov-Gerasimenko, and play a 
role in explaining remote and in situ photopolarimetric observations [21]. Being 
able to suspend mm-sized liquid droplets also means that light scattering foto-
polarimetry can now be tested at CoDuLab as medical diagnostic method using 
body fluids (e.g. blood).

Two approaches can be considered: levitation with full control over the parti-
cle’s orientation [15], or levitation that allows chaotic rotation as is the case of our 
levitator. The first option enables the use of advanced numerical techniques to, for 
instance, determine the refractive index of the levitated particle with high precision 
[25], while the second allows us to simulate random orientation, as is the case in our 
experiment.

Fig. 10   Left: Phase function (F11), middle: degree of linear polarization –(F12/F11) and F14/F11 for 
NBK7 glass sphere of ∅ = 1.5 mm at 488 nm. Empty circles correspond to the experimental data. Solid 
lines correspond to Lorenz-Mie computations at 647 nm for a sphere with the same diameter, refractive 
index as the NBK- 7 sphere. Experimental errors are presented by bars. When no error bar is shown is 
because it is smaller than the symbol
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