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Acoustic levitation for the study of soft matter on a self-standing droplet
SMARAGDA-MARIA ARGYRI
Department of Chemistry and Chemical Engineering
Chalmers University of Technology

Abstract

Contact-free studies allow the investigation of surface and interfacial phenomena
without the shortcomings of surface-induced effects. In comparison to other contact-
free techniques, an acoustic levitator can trap any low-volume (< 10 mm3) material
in mid-air. Recent developments and findings have advanced the experimental and
theoretical understanding of acoustic levitation; however, the levitation stability and
capacity are often far from ideal for studying physicochemical properties of liquids.
In this thesis, the designing principles of acoustic levitators were explored, allowing
the customization of high-performing devices. The surface tension of acoustically
levitated droplets of aqueous surfactant solutions was determined through a data-
driven approach. The high stability of the developed levitator allowed the training
of a deep neural network with over 50,000 high-quality photographs of droplets.
The surface tension, predicted by the neural network, presented accuracy equal to or
higher than that of theoretical models, which allowed the determination of the critical
micelle concentration on a single droplet. Following, a study on surface freezing was
conducted on binary hexadecane/water droplets, above the melting temperature of the
alkane. The conditions to induce surface crystallization were explored and the solid
phase was characterized in a contact-free manner by coupling Raman spectroscopy
with an acoustic levitator operating horizontally. The high performance of this family
of acoustic levitators also allowed the operation of a demagnetized version in a 7.05 T
magnetic field, thereby granting the implementation of magnetic resonance studies on
a self-standing droplet. Finally, a pH-responsive system was investigated by levitating
microliter droplets and exposing them to CO2. The occurring phase transition was
characterized through optical means, magnetic resonance spectroscopy, and X-ray
scattering, free from surface-induced artifacts.
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1
Introduction

The behavior of molecules at interfaces often differs significantly from the behavior
in the bulk phase. Surface chemistry comprises the scientific field that delves into
the molecular interactions, occurring at the interface between bulk matter and its
surroundings. These interactions are present in everyday life; from cleaning our hands
to self-cleaning surfaces to catalysts to non-stick cookware, and so on. Yet, the study
of interfaces often remains challenging, due to the presence of surface boundaries.

Many techniques allowing contact-free studies have been developed. Optical twe-
ezers1–3, magnetic levitation4–6, electrostatic levitation7–9, and others10–14 are well
documented. Through these techniques, small-volume samples (typically around
0.1-10 µL), can be captured and manipulated in real-time, finding applications in
biochemical studies12, where the available volume may be limited (e.g., blood samples
from small animals15), or in cases where, surface intervention needs to be avoided (e.g.,
heat transfer16, omnidirectional evaporation17, glass formation18, etc.). In comparison
to the other techniques, acoustic levitation presents the advantage of levitating any
material. The main limitation originates from the magnitude of the generated acoustic
forces, leading to a maximum weight that can be kept aloft.

The first acoustic levitator was based on the invention of an ultrasonic probe for
submarine detection, developed by Paul Langevin and Constantin Chilowsky19,20.
Specifically, the ultrasonic probe, later named the Langevin horn, was coupled with
a reflector as shown in Figure 1.1a. The interference between the ultrasonic waves
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Chapter 1 Introduction

produced by the probe and the ones reflected yields a stable, airborne acoustic pressure
field. As in the case of standing waves, the acoustic pressure field is described by areas
of low (i.e., nodes) and high pressure (i.e., anti-nodes) that appear to be immovable in
space. The acoustic nodes act as physical traps for objects with a diameter smaller than
half a wavelength (approximately 4.28 mm, for an operating frequency of 40 kHz).
The acoustic forces below the node counteract gravity, while the presence of lateral
forces can influence the spatial stability of the levitated object.

Figure 1.1: (a) Illustration of a Langevin horn and simplified representation of a
standing wave being generated when the opposing acoustic waves (blue and orange
line with arrows) interact. The acoustic nodes and anti-nodes denote the areas with the
lowest and highest time-averaged acoustic pressure, respectively. (b) Photorealistic
illustration of a multiple-transducers acoustic levitator. The main design parameters
are displayed.

The Langevin horn usually operates at a frequency range of 20-40 kHz and it requires
high voltage (> 100 V) to operate since the acoustic pressure field is generated by
one emitter21,22. Although the device is simple to build, its performance can be highly
sensitive to changes in humidity and temperature, thus requiring frequent tuning
through manual adjusting of the distance between the emitter (i.e., transducer) and the
reflector22,23. Additionally, the lateral forces are typically low24. Consequently, it can
be challenging to position a sample within the acoustic trap, while the lateral spatial
stability of the sample may be low during levitation.

2



Figure 1.2: 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 TinyLev25. Reproduced with
permission from Reference [24].

A new generation of acoustic levitators that utilize multiple transducers (Figure 1.1b)
has recently gained significant attention due to low cost, low driving voltage (< 20 V),
and the possibility to subdivide the arrays into groups with different phases26. The
control over the acoustic pressure field has allowed rotational27 and spatial control
over the levitated sample28–31. Furthermore, the presence of multiple transducers
offers design flexibility, which allows the customization of acoustic levitators for
different applications.

The performance of the acoustic levitator, in terms of levitation strength and spatial
stability of the sample, can be controlled by adjusting the design parameters (Figure
1.2), and the operating parameters (i.e., operational frequency, phase, etc.). In a recent
study, Marzo et al.,25 reported a concave acoustic levitator with multiple transducers,
called TinyLev. According to Adamowski et al.,32 placing the transducers on a
concave plane leads to an improved performance as the acoustic force is concentrated
locally. The TinyLev levitator consists of 72 transducers in total, which are equally
distributed into two concave planes of transducers, with a cavity aperture of 60 mm.

3



Chapter 1 Introduction

The distance of opposing arrays was 120 mm and the transducers were positioned in
a circular arrangement. It was reported that the device could levitate samples with
a density of up to 6.5 g/cm3 and, without being highly influenced by environmental
conditions, while in a later study, mercury (13.5 g/cm3) was levitated by adjusting the
spatial arrangement of the transducers33.

1.1 Purpose and objectives

Despite recent advances in the field25,33, further improvements related to spatial stabil-
ity, and levitation capacity of the levitators are required to decrease experimental noise
and facilitate the use of acoustic levitation for physicochemical studies. Consequently,
two main objectives are defined and covered in this thesis. The first objective was to
develop and evaluate the performance of new acoustic levitators (Paper I). The second
objective was to illustrate the applicability of these devices in the study of surface and
bulk properties of liquids (Paper II to Paper V).

In Paper I, the influence of the designing parameters of acoustic levitators on the
acoustic pressure, stability, and levitation capacity was evaluated. Three concave
acoustic levitators (Mk1, Mk2, and Mk3) were developed and evaluated through
simulations and experimental measurements. Furthermore, an interactive online tool
was developed to allow the user to define the desired design parameters and simulate
the acoustic pressure field for the specific configuration. A suitable file for 3D printing
can be generated, encouraging the customization of acoustic levitators for practical
applications.

In Paper II, the surface tension of acoustically levitated droplets was determined
through a data-driven approach. A series of droplets of surfactant solutions were
levitated and evaporated over a period of 30 min, while the voltage (i.e., the acoustic
pressure) was simultaneously varied. More than 50,000 images of the levitated
droplets were acquired. Following, the data were fed into a deep neural network
(DNN), which uncovered patterns in the data without any set preconditions. This led
to determining the surface tension of levitating droplets with a mean absolute error
(MAE) of 0.88 mN/m while surpassing previously reported limitations related to the
shape and size of the droplets.

4



In Paper III, a two-droplets system was investigated. Specifically, a droplet of hex-
adecane and a droplet of water were simultaneously levitated, at constant voltage.
Through optical means, the propagation of a macroscopic surface freezing of hexade-
cane was observed 3 °C above the melting point. After a significant volume of water
had evaporated, the droplet of hexadecane returned to the liquid state. The presence
of a solid phase was confirmed and characterized through Raman spectroscopy in a
contact-free manner, and the melting kinetics were quantified.

In Paper IV, a demagnetized acoustic levitator was developed and operated in a 7.05 T
magnet. The performance of the levitator in the presence of the magnetic field was
evaluated, and magnetic resonance images and spectra were acquired on self-standing
droplets. Furthermore, the relationship between droplet shape and chemical shift was
established, as a clear downfield shift was induced when the droplet shape changed
from spherical to oblate. Finally, time-resolved experiments on pure solvents and
mixtures were conducted, capturing physical and chemical processes in real-time due
to evaporation.

In Paper V, a pH-responsive system was evaluated in a contact-free manner by acous-
tically levitating a droplet and exposing it to CO2. The structural transition of the
self-assemblies was evaluated through optical means, X-ray scattering, and magnetic
resonance spectroscopy. This approach allowed the direct study of systems in the
microliter regime, without compromising the performance of advanced analytical
tools, and provided a suitable background for the investigation of complex systems
in-situ.

5



Chapter 1 Introduction

6



2
Background

2.1 Acoustic pressure field

Acoustic waves bear energy which induces mechanical vibrations as it travels through
a medium. When opposing acoustic waves with the same wavelength, λ , interact, they
can alter the pressure of the medium locally. Simple sonotrodes, such as Langevin
horns, create a stable acoustic pressure field through the interference of the acoustic
waves generated by the ultrasonic horn and the opposing acoustic waves reflected by
the reflector. When multiple sources are involved, the generated acoustic pressure
field can be simulated by summing the individual pressures that each source produces.
The radiation pattern of the ultrasonic transducers - also known as directivity - refers
to the pattern of the generated sound pressure level (SPL) propagating in space. Based
on this pattern, different solutions to the wave equation are found.

Here, we assume that each transducer behaves like a single-point source and that the
sound pressure propagates homogeneously around the point source, like a circular
ring. In that case, the acoustic pressure, p j, is expressed as:

p j =
eikr j

r
J0(kr j sinθ j) (2.1)

7



Chapter 2 Background

where, r is the effective radius of the transducer, r j is the distance between the
transducer j and the levitation point, k is the wavenumber, J0 is the Bessel function of
the first kind of order 0, and θ j is the angle between the transducer and the z-axis.

2.1.1 Acoustic radiation force on rigid objects

When an object is introduced into the acoustic pressure field, the acoustic waves
will be partially scattered on its surface and the object will experience the so-called
acoustic radiation force. This force can be described from the scattering theory for
rigid objects. Within the linear time-harmonic regime, the mass and momentum
conservation equations in the medium are expressed as34:

div(v) = iω p/K (2.2)

and,

−iωρv =−∇(p) (2.3)

where, div(v), is the divergence of the particle velocity, v, p, is the acoustic pressure,
K, is the bulk modulus of the medium, which is defined as K = γP0, ρ , with γ being
the adiabatic constant and P0 the atmospheric pressure in ambient conditions, and ω is
the angular frequency. ∇(p) is the gradient of acoustic pressure, which is defined as:

−∇(p) =
(

θ p
θx

,
θ p
θx

,
θ p
θx

)
(2.4)

By combining Equations (2.2) and (2.3), we acquire the Helmholtz equation34:

∆(p) = k2 p = 0 (2.5)

8



where, k is the wavenumber defined as: k = ω/c, and c is the speed of sound in the
medium.

To solve the Helmholtz equation and acquire the pressure of the acoustic field around
the object, we need to apply the boundary conditions around the surface, Γ j, of the
object. We define the simplest case of a rigid (i.e., non-permeable) object that is not
moving in space. This means that the normal component, n j, of the particle velocity
will be zero. In that case, we apply the following boundary condition:

∇(p) ·n j = 0 (2.6)

To determine the normals, n j, we need to define the shape of the object. In case the
object is spherical and small in comparison to the wavelength, the condition ka«1
applies (where, k is the wavenumber and a is the radius of the spherical object). In
this case, the acoustic radiation force is expressed as:

F =−∇U (2.7)

where, U is the Gor’kov potential:

U = 2πR3
(
⟨p2⟩
3ρc2 − ρ⟨u2⟩

2

)
(2.8)

In the case of an ellipsoidal object, the force applied to the object varies throughout the
surface. To solve this case, the spheroidal Bessel functions that describe the surface
need to be derived35. This case is relevant for liquids that can be deformed towards
ellipsoidal shapes.

9



Chapter 2 Background

2.1.2 Acoustic radiation force on permeable objects

In the case of permeable objects, the acoustic waves will be partially absorbed by the
object and partially reflected in all directions. The proportion of the acoustic wave
intensity reflected on the boundary of the object depends on the difference between the
acoustic impedance of the traveling medium (Z1) and that of the object (Z2). Where,
the acoustic impedance of a material, in the simplest case, is defined as:

Z = ρv (2.9)

And, the intensity reflection coefficient, which describes the percentage of acoustic
waves reflected is expressed as:

a =

(
Z2 −Z1

Z1 +Z2

)2

(2.10)

where ρ and v are the density and the speed of the sound in the medium, respectively.
For the case where air is the wave propagating medium (Z1 = 413 kg/(m2s)) and
water is the levitating object (Z2 = 1.48 * 106 kg/(m2s), at 20° C), then the intensity
reflection coefficient, a is found to be 99.9%. Hence, the majority of the acoustic waves
are reflected on the surface of the water droplet due to the large density difference
between the media.

For spherical objects, the acoustic pressure field inside the object is expressed as34:

pin
j = ∑X j

n ζ
j

n (r j) (2.11)

where,

ζ
j

n (r j) = Jn(k jr j)einθ j (2.12)

10



where, X j
m are complex coefficients, ζ

j
n (r j) are the cylindrical wavefunctions and

Jn(k jr j) are the Bessel functions of the first kind.

Ultrasonic transducers allow the acoustic levitation of samples, due to nonlinear
effects that result from the high-power acoustic waves involved. Hence, the analysis
needs to be performed in the non-linear regime. The medium is governed by the mass,
momentum, and energy conservation equations:

Mass conservation:

Dρ

Dt
+ρ∇ · v = 0 (2.13)

where,

Dρ

Dt
≡ θ

θ t
+ vi

θ

θxi
(2.14)

Momentum conservation:

ρ

(
θv
θ t

+(v ·∇)v
)
=−∇p+η∆v+(ζ +

η

3
∇

2v) (2.15)

Energy conservation:

ρT
[

θs
θ t

+(v ·∇)s
]
= κ∆T +ζ (∇ · v)2 +

1
2

η(θiv j +θ jvi)−
2
3

∇ · vδi j)
2 (2.16)

where ρ is the density of the medium, v, is the particle velocity, p is the pressure, t
is time, x is the space coordinate, η is the dynamic viscosity, ζ is the bulk viscosity,
v = −∇Φ, with Φ, being the velocity potential, κ is the heat conduction number,
δi j is the Kronecker tensor. For the derivations and more information on nonlinear
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Chapter 2 Background

acoustics, please refer to Enflo and Hedberg36. The theoretical framework presented
above has been implemented in the Python library Levitate37 and has been used as a
tool for theoretical calculations in this work.

2.1.3 Piezoelectric transducers

The main component of an acoustic levitator is the piezoelectric transducer, which
converts the electrical signal to mechanical vibrations and vice versa. As a result, a
transducer can function both as an emitter and a receiver of acoustic waves. When
electric current passes through them, mechanical vibrations are induced, generating
acoustic waves in the ultrasonic regime. Conversely, if mechanical force is applied
then a charge is produced. The relation between the applied charge, Q, and the force,
F, generated is expressed as:

F =
Q
d

(2.17)

where, d is the piezoelectric coefficient.

From Equation (2.17), it is evident that the higher the applied charge (i.e., power),
the higher the amplitude of the force. Conversely, the higher the force received, the
higher the generated charge will be.

Furthermore, piezoelectric transducers can be modeled as a series L-C circuit, where
the electrodes on the piezo plate and the resonating mass act as a capacitor and an
inductance, respectively38. Hence, the resonant frequency, fres, of the circuit is found
when the capacitive reactance, (xC), and inductive reactance, (xL), are equal. Where:

xC =
1

2π fC
(2.18)

and,

12



xL = 2π f L (2.19)

Solving for Equations (2.18) and (2.19):

fres =
1

2π
√

LC
(2.20)

where, C, is the capacitance, and L, is the electrical inductance of the circuit.

When the circuit operates at the resonant frequency, the impedance of the circuit is
minimized, while the current consumption is maximized. Hence, the power transferred
from the transducers to the medium is maximum. In practice, transducers are not ideal
components and the resonance may be affected by the environmental conditions (e.g.,
temperature, humidity, etc.), neighboring transducers, and the voltage applied. For
that reason, it is recommended to experimentally determine the resonant frequency of
the circuit to ensure optimum operational frequency.

2.2 Surface tension and capillary length

Surface tension is a property of liquids, which arises from the imbalanced cohesive
forces experienced by the molecules on the surface of the liquid. The molecules in the
bulk experience omnidirectional, cohesive forces due to the neighboring molecules.
However, the molecules on the surface experience an inward net force, which aims to
minimize the surface energy, by minimizing the surface area of the liquid. The higher
the cohesive forces between the molecules, the more energy is required to change the
area of the liquid. Hence, in terms of energy, surface tension can be defined as the
amount of energy required to increase the surface area by one unit area:

γ =
W
∆A

(2.21)

13



Chapter 2 Background

where, W is the work and ∆A is the surface area difference.

The quantitative and empirical studies performed by Thomas Young, in 180539 and
the mathematical analysis by Pierre-Simon Laplace, in 180740, led to the so-called
Young-Laplace equation, which correlates the pressure difference on the boundary
between the medium (e.g., air) and the liquid of study (∆p), to the surface tension (γ)
and the total surface curvature of a liquid droplet (∇ ·n), when in equilibrium:

∆p =−γ∇ ·n (2.22)

The pressure difference (∆P) is also known as the Laplace pressure. For spherical
droplets with radius, R, the Laplace pressure is defined as:

∆P = Pinside −Poutside =
2γ

R
(2.23)

Therefore, the shape of a free-standing droplet will be governed by its surface ten-
sion which tends to be spherical unless the hydrostatic pressure resulting from the
gravitational forces comes into play. Hence, the Laplace pressure increases as the
size of the droplet decreases. The radius at which the Laplace pressure equilibrates
the hydrostatic pressure is called capillary length, λc (Equation (2.24)), and defines a
theoretical threshold above which the gravitational forces will have a greater influence
on the shape of a droplet:

λc =

√
γ

ρ g
(2.24)

where, ρ is the density and g is the gravity acceleration.
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2.2.1 Surfactants

Surfactants are molecules that present surface activity due to the presence of a hy-
drophilic part and a hydrophobic part. The surface activity of surfactants depends on
numerous parameters (e.g., length of hydrophobic part, charge, size of hydrophilic
part, etc.), while, depending on the charge of the hydrophilic part two main types
of surfactants can be defined: ionic and non-ionic. Surfactants tend to accumulate
at interfaces between the polar phase (e.g., water) and the non-polar phase (e.g., oil
or air), reducing the interfacial tension. When the concentration of surfactants in
solution reaches a critical concentration, surfactants begin to self-assemble into spher-
ical micelles, to reduce the free energy of the system. This concentration is called
the critical micelle concentration (CMC), and above that value, the surface tension
remains constant.

2.2.2 Determination of surface tension through acoustic levitation

The level of acoustic radiation force applied to a levitating droplet influences the shape.
As shown in Figure 2.1a-c, the 2D projections of the droplet will vary from circular,
indicating a spherical shape, to ellipsoidal, indicating an oblate shape, depending
on the volume, voltage (i.e., acoustic pressure), and surface tension of the liquid.
In Figure 2.1a, the influence of droplet volume on the shape is shown for droplets
that have the same surface tension and experience the same voltage. It is observed
that the lower the volume, the more spherical the droplet will be, as the droplet will
experience a lower degree of acoustic radiation force on its surface. In Figure 2.1b, it
is shown that under constant volume and surface tension, the shape of the droplet is
less spherical for higher driving voltage. The driving voltage defines the amplitude of
the acoustic pressure generated by the transducers. As a result, the applied acoustic
pressure increases, as the driving voltage increases. Lastly, in Figure 2.1c, the effect
of surface tension is shown, when the volume and voltage are identical. It is observed
that for lower surface tension, the less spherical the droplet will be, due to the lower
capacity of the droplet to withstand the applied acoustic pressure.
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Chapter 2 Background

Figure 2.1: Relation between the deformation of an acoustically levitated droplet
with the (a) volume, for voltage of 9.0 V and surface tension of 29 mN/m (b) voltage,
for volume of 2.1 µL and surface tension of 48 mN/m, and (c) surface tension, for
volume of 2.0 µL and voltage of 7.0 V.

The first attempt to develop a theoretical model correlating the shape of an acoustically
levitated droplet to the surface tension, γ , was implemented by Trinh and Hsu41. The
authors studied various substances with constant surface tension, using a Langevin
horn. They calculated the acoustic radiation force according to the Gor’kov theory42

and utilized the equations derived by Marston et al.,43,44 to mathematically describe
the equilibrium shapes of the acoustically levitated droplets, as:
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r(θ) = R+x(θ) (2.25)

where, R is the equivalent spherical radius of the droplet for a certain volume and
x(θ) describes the deviation from sphericity as:

x(θ) =− 3
64γ

(3cos2
θ −1)R2P2

s β0

(
1+

7
5
(kR)2

)
(2.26)

where, θ is the azimuth angle, β0 and k are the compressibility and wavenumber of
the host medium (i.e., air), respectively.

Although Equation (2.26) is simple and easy to implement, it employs several simplifi-
cations and assumptions, limiting its applicability. Specifically, the Gor’kov theory42,
which is accounted for, in the model, is valid for spherical droplets with a maximum
radius that is 1/10 of the operating wavelength of the device (f = 25 kHz, for Langevin
horns). Another condition is that the radius must not exceed the capillary length of
the liquid, as the gravitational force will be higher than the Laplace pressure. This
will cause the droplet to be flattened at the bottom due to its own weight, inducing an
asymmetry in shape. Lastly, the acoustic pressure applied on the surface of the droplet
needs to be determined. This has traditionally been done with a microphone, yet,
non-linear acoustic effects present in the ultrasonic regime may decrease the accuracy
of the measured acoustic pressure45.

Tian et al.,21 developed a more detailed and analytical model. In this publication21,
an optimization algorithm to determine the shape and the position of an acoustically
levitated droplet in space was developed. The shape of the droplet was described
through a Legendre function. The wave field inside the droplet was derived from
a Bessel function after combining Green’s function, Helmholtz formula, and the
spherical Hankel function of the first kind. The acoustic radiation pressure on the
surface of the droplet was determined by accounting for the sound pressure and particle
velocity inside and outside of the droplet. Then, through a loss function and multiple
iterations, the Legendre constants and the Bessel coefficients were determined by
minimizing the difference between the derived sound intensity or aspect ratio and the
experimental values measured with a microphone and the camera, respectively.
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This algorithm was applied in a following publication by Tian et al.,46 and the surface
tension of acoustically levitated samples was determined with an error of ±2 mN/m
when the surface tension was lower than 50 mN/m. The authors stated that the error
was high compared to other techniques (typical statistical error: ±0.5 mN/m) due to
the low spatial stability of the acoustic levitator they used.

It should be noted that in both studies mentioned above, a Langevin horn was
used. Based on simulations (Supporting Information, Paper I), this acoustic levi-
tator presents a simple acoustic pressure field, with low lateral forces. In contrast,
multiple-transducers levitators generate a more complex pressure field. As a result,
more complex equations than the ones presented here are required for correlating
droplet deformation and surface tension.

2.3 Soft-matter and phase transitions

Materials are made of atoms that are structurally arranged in a way that defines their
characteristics. The structural arrangement can be altered by changing conditions, such
as temperature, pressure, concentration, or pH, causing a so-called phase transition. A
well-known example of phase transition is the ice-water-steam transition, which can
be easily accomplished by changing the temperature of the system.

Alkanes are a class of saturated hydrocarbons that exhibit an intriguing property,
namely surface freezing. This property was discovered in 1932 by Müller47 and
describes the phenomenon where these molecules align at the liquid/air interface
in a hexagonal pattern, forming a crystalline monolayer. This effect occurs up to
3 °C above the melting point and was characterized by X-ray48 and surface tension49

measurements, but recently it has mainly been examined through simulations.

Surfactants on the other hand, with concentration above the CMC, can form self-
assemblies in the bulk, as mentioned above. The structure of these self-assemblies
can be affected by the concentration, temperature, and pH, leading to a change of the
molecular organization, i.e., a phase transition. In order to describe the boundaries at
which these transitions occur, phase diagrams are made, which describe the conditions
under which a phase or a mixture of phases is present.
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2.4 Machine learning

Machine learning is a statistical tool that can, without pre-assumptions, uncover
patterns in large datasets, surpass heuristic model limitations, and accelerate the
solution of computational and analytical challenges50. Different types (i.e., supervised,
unsupervised, reinforced), and methods (i.e., classification, regression), of machine
learning algorithms, have been developed, aiming to tackle different challenges.

In this section, the case of supervised deep neural networks (DNN) for regression
analysis will be accounted for. On its whole, supervised machine learning aims to
develop a regression function, f that correlates the input data, x, with the predicted
output parameter(s), ŷ, as:

ŷ(x) := f (x,W ) (2.27)

For this type of machine learning algorithm, the desired output parameter(s) need to
be known, through, for instance, experimental measurements. In machine learning
terminology the values used for the training of the neural network (NN) are commonly
called True values, while the ones the NN outputs after the training are called the
Predictions. The machine learning algorithm develops and applies statistical approxi-
mations with no pre-set assumptions between the input and output, hence empirical
and theoretical limitations employed by previous models may be surpassed. During
training, the neural network has access to a fraction of the data (i.e., training dataset)
which allows the adjustment of the model parameters, also known as weights, W .
The choice of these parameters is evaluated on a fraction of the training dataset (i.e.,
validation dataset) through a loss function. Finally, the evaluation of the trained NN is
performed on the remaining data (i.e., test dataset). The most commonly used loss
function is the least squared norm of the error between the output values, y and the
predicted values ŷ:

L(y, ŷ(X)) := ||y− ŷ(X)||22 (2.28)
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The smallest component of a neural network is the neuron (Figure 2.2). Similarly to
the biological neurons, these components receive certain inputs and after weighing
them, they reach certain outputs. Specifically, after weighing each input, the neuron
sums those weights and passes them through an activation function. If a certain
threshold is exceeded, the neuron is activated - meaning that the received information
was found important. Depending on the activation function, the output of the neuron
differs. It is common practice in the machine learning community to normalize the
data, before passing them through the neural network. That way one can avoid unit
dependencies and mistakenly weigh features with higher values as more important50.
To normalize the data, the minimum and maximum values of the training dataset of
each feature are used. Then, the test dataset is normalized based on the values of the
training dataset.

Figure 2.2: Illustration of a single artificial neuron, where Xn are the input data, wn
are the weights of each connection, b is the bias and H is the neuron (i.e., perceptron).

In this work, two activation functions were utilized in the neural network, softplus
(Equation (2.29)) and swish (Equation (2.30)):

fsoftplus(x) =
1
β

ln(1+ eβx) (2.29)

and,

fswish(x) = x
1

1+ e−βx (2.30)
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where, β is a scalable, trainable parameter.

In Figure 2.3, the activation functions are plotted, for β = 1. It is observed that the
neuron will return a zero value if the input is smaller than approximately -3 and -5 for
softplus and swish, respectively. Although the data are normalized from 0 to 1, the
probability of the neuron being activated depends on the values after the weight and
bias are accounted for.

Figure 2.3: Activation functions that were used in the deep neural network in this
work. Blue, upper line: softplus function, orange, lower line: swish function. In both
cases β was set equal to 1.

A neural network is considered shallow if it consists of 5 or fewer layers. Otherwise,
it is referred to as a deep neural network. Depending on the application different
neural network architectures are required. In Figure 2.4, the schematic form of a
neural network is illustrated. The input parameters, Xn pass through the layers, Hn,
and the final output, O is calculated. This output is called the target feature and refers
to the predicted value of the neural network for a certain case.

21



Chapter 2 Background

Figure 2.4: Schematic illustration of a neural network. The input data of a certain
case, the neuron, and the predicted output (i.e., target feature) are noted as Xn, Hn and
O, respectively.

The evaluation of the training and the predictions can be performed by following the
evolution of the mean squared error (MSE) and mean absolute error (MAE) with
respect to the number of iterations (i.e., epochs). That way, one can examine whether
the learning and validation are performed equally well, or if there are inconsistencies.
If the learning and validation curves do not overlap, it means that the model may
have either overtrained (i.e., performs better on the learning dataset, in comparison to
the validation one) or undertrained (i.e., performs better on the validation dataset, in
comparison to the training one), and means to avoid that should be considered.

2.5 Vibrational spectroscopy

Atoms that are chemically bonded, forming a molecule, can move relative to each
other in different motions, called molecular vibrations, or vibrational modes. These
motions include stretching (changes in bond lengths), bending (changes in bond
angles), and torsional (twisting around a bond) motions. Each motion has energy
associated with it, which is determined by the masses of the atoms and the strength of
the chemical bonds51.
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Raman spectroscopy is used for the study of molecular vibrations, rotations, and other
low-frequency modes in a system. It is based on the Raman effect, which in the
result of inelastic scattering of monochromatic light, typically from a laser source.
When light interacts with a molecule, most photons are scattered elastically (i.e.,
Rayleigh scattering), meaning that there may be a change in direction, but not in
energy. However, a small fraction of the light undergoes inelastic scattering, resulting
in photons that are either shifted to higher or lower energies of those corresponding to
the vibrational energy levels of the molecule (i.e., Raman effect)52.

The resulting Raman spectrum displays these energy shifts as peaks at specific
wavenumbers, each representing a specific vibrational mode of the molecule. The
intensity and position of these peaks provide a molecular fingerprint that can be used
for the identification and characterization of molecules and structures. Raman spec-
troscopy is particularly useful for studying non-polar bonds and aqueous solutions.
This is because non-polar bonds exhibit strong Raman signals, while water molecules
do not, allowing molecules present in an aqueous solution to be investigated53.

2.6 Nuclear magnetic resonance techniques

Nuclei with an odd number of protons or neutrons have an intrinsic property called
spin, which gives them a magnetic moment, m. The most common example is the 1H,
for which, as the mass number denotes, the nucleus has one proton. When a sample
containing these nuclei is placed in a strong external magnetic field (B0), the nuclear
spins align with or against the direction of the field, creating distinct energy states.
Furthermore, these nuclei resonate at a characteristic frequency, called the Larmor
frequency, ω0, which is defined as:

ω0 = γB0 (2.31)

where γ is the gyromagnetic ratio of the nucleus.

Applying radiofrequency (RF) pulses at the Larmor frequency, causes transitions
between these energy states. The nuclei absorb and subsequently relax back to their
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initial state, leading to the re-emission of energy in the form of an electromagnetic
wave (RF energy), which is detected and produces a nuclear magnetic resonance
(NMR) signal. Depending on the neighboring atoms of the formally excited protons,
the electronic environment close to the nucleus will differ, resulting in a slight change
in the magnetic field experienced by the nucleus. This difference gives rise to a shift
in the resonance frequency, called a chemical shift, and provides information about
the chemical environment and the molecular structure54.

Magnetic resonance imaging (MRI), commonly associated with the medical procedure,
presents the same working principle as NMR spectroscopy while allowing the spatial
encoding of molecular information. This is achieved by applying magnetic fields
along the x, y, and z axes (gradient magnetic fields), which allow the encoding of
positional information into the NMR signal. Moreover, by systematically varying the
gradients, the location of the emitted signals can be precisely mapped, enabling the
reconstruction of an image55.

2.7 X-ray scattering

In X-ray scattering photons with wavelengths, λ , below 10 nm are used as a radiation
source, allowing the characterization of structures at the nanoscale56. Electrons scatter
X-rays, consequently, an incident X-ray wavevector ki, will be scattered as a scattering
wavevector kf, depending on the electron density of the material57. The magnitude of
the wavevector, |k| is expressed as:

|k|= 2π/λ (2.32)

The intensity of the scattered radiation, also known as the scattering vector q, is
expressed as:

q = kf − ki (2.33)
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During an elastic scattering the magnitude of the incident wavevector |ki|, is equal
to the magnitude of the scattered wavevector |kf|. In that case, the magnitude of the
scattering vector is:

q =
4π
λ

sinθ (2.34)

By applying the Bragg’s law the above equation becomes:

d =
2π
q

(2.35)

This equation allows the determination of distances, d, between for example lamellar
layers in a sample from the scattering vector, q, at the first order Bragg’s peak.

Depending on the distance of the detector from the sample, different length scales can
be investigated. These are typically called small-angle X-ray scattering (SAXS) and
wide-angle X-ray scattering (WAXS), for long and short distances, respectively.
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3
Methods

3.1 Construction of the acoustic levitators

The scaffolds of the customized acoustic levitators were designed in the open-source
software OpenScad and were 3D printed (Ultimaker S3, Netherlands) using polylactic
acid (PLA). A multiple-transducers acoustic levitator consists of two opposing halves
(Figure 1.1b). The transducers that are present on the same half need to have the same
polarity. For that reason, an oscilloscope was used to determine the polarity before
wiring them together through soldering, as described in Reference25. Through an
Arduino Uno board, the operating frequency of transducers was set at 40 kHz, and the
driving signal was amplified with an L298 N H-bridge.

The phase of the driving signal, of the two opposing halves, can be controlled. In this
thesis two cases were examined: i) phase difference of ∆φ =0 rad (i.e., in phase), and
ii) phase difference of ∆φ = π rad (i.e., phase opposition). This phase difference was
applied by simply switching the polarity of the two channels on the L298 N board.
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3.2 Simulations of acoustic levitators

The simulations of the customized acoustic levitators were performed through the
Python library Levitate37, developed by Carl Andersson, at Chalmers58. Initially, the
positions of the transducers in space were defined in Cartesian coordinates. Following,
the directivity pattern of the transducers (i.e., pattern of acoustic wave propagation
from a sound source) was described as a circular ring, and the parameter p0, which
defines the acoustic pressure an ultrasonic transducer induces at 1 m, was arbitrarily
set to 1 Pa.

3.2.1 Acoustic pressure field

The acoustic pressure field was calculated as the summation of the individual acoustic
pressures each transducer generates, as expressed in Equation (2.1). The cases of the
opposing halves operating in phase and phase opposition were simulated.

3.2.2 Acoustic radiation force

The acoustic radiation force was simulated for the case of a spherical polystyrene
particle with a diameter of 1 mm from the class levitate.fields.RadiationForce37, in
accordance with Sapozhnikov and Bailey59, as formulated in Reference58.

The spatial gradient of the Gor’kov potential42, which is a simpler expression of the
acoustic radiation force, was simulated for the case of a levitating polystyrene particle
with a diameter of 1 mm, based on the Equation (2.7).

3.2.3 Axial trap stiffness

The axial trap stiffness was calculated along the horizontal and vertical directions at
the anti-node through the class levitate.fields.RadiationForceGradient37.
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3.3 Evaluation of experimental performance

3.3.1 Operating frequency

The operating frequency of the ultrasonic transducers was adjusted using a Si5351A
(Adafruit) module as a clock generator, which was controlled by an Arduino board.
The signal was then amplified through an L298 N H-bridge. The voltage was kept
constant and the operating frequency of the transducers was varied from 36 kHz
to 41 kHz. Then, the current consumption was measured on the main line of the
circuit using a magnetoresistive current sensor module based on an ACS70331 chip,
connected to the Arduino board. The Arduino and the power supply were controlled
by a computer, through a serial port24.

Two different array configurations were investigated; single-side independent arrays
(Figure 3.1a) and coupled arrays forming a cavity (Figure 3.1b). The frequency
sweeps were performed at three voltages (7 V, 10 V, and 12 V), when the opposing
halves were operating either in phase (ϕ = 0 rad), or in phase opposition (ϕ = π rad).
Each measurement was repeated three times.

Figure 3.1: Array configurations of an acoustic levitator of a) single-side independent
arrays, and b) coupled arrays forming a cavity.
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3.3.2 Levitation stability

The spatial stability of a levitating object was examined at three different voltages
(7 or 7.5 V, 10 V, and 12 V) by capturing photographs of Milli-Q (resistivity of
18.2 MΩ·cm, at 25 ◦C, Merck Group, Sweden) water droplets through a digital
camera (acA1440-220um, Basler, Germany) that was operating at 1 frame per second
(fps), over a period of 10 min. From the photographs, the volume, and the coordinates
of the center (xc, zc) of the droplets were extracted. The volume of the droplets was in
the range of 0.5 to 5 µL. The measurements were repeated three times and the moving
standard deviation, over a sliding window of length equal to 10 frames was calculated.
This allowed observing potential dependencies between the volume and the spatial
stability of the levitating droplet. The average standard deviation of the three sets of
measurements was plotted with respect to the applied voltage.

3.3.3 Levitation capacity

The minimum strength generated by the acoustic field of each levitator was experi-
mentally evaluated in the normal (i.e., vertical) and perpendicular (i.e., horizontal)
orientation by determining the minimum voltage, Vmin required to levitate a solid,
spherical silica bead with mass, m =7 mg and diameter, d = 2.07 mm. For the normal
orientation (Figure 3.2a), the silica bead was levitated at 8 V and then the voltage
was gradually decreased until the silica bead was no longer able to be suspended.
Regarding the perpendicular orientation (Figure 3.2b), the starting voltage was set at
25 V and was gradually reduced. The measurements were repeated three times and
the standard deviation was calculated.

The levitation force per voltage was calculated based on the weight of the silica bead
over the applied voltage as:

Clev =
m ·g
Vmin

, with V ≥ 5 V (3.1)

where, m is the mass of the silica bead, g is the acceleration constant (9.81 m/s2).
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Figure 3.2: (a) Normal (i.e., vertical) operating orientation of an acoustic levitator,
and (b) perpendicular operating orientation to the normal one (i.e., horizontal) of an
acoustic levitator.

3.4 Surface and interfacial tension measurements

The surface tension of the surfactant solutions was measured through the pendant drop
method, using the Attension Theta optical tensiometer (Biolin Scientific, Finland).
The measurements were conducted at room temperature. For the case of surfactant
solutions, the measurements were performed on a minimum of 10 droplets, formed
using a 0.718 mm (22 gauge) stainless steel needle. The droplets were left to equili-
brate for about one minute before starting the measurements that would last for 2 min,
following the practice described in Reference60. A monochromatic digital camera was
used to record images of droplets and the surface tension was determined by fitting
the Young-Laplace equation on the contour of the droplet. The surface tension of a
solution was determined by averaging the surface tension values of the 10 droplets.

For the interfacial tension measurements, a 1x1 cm quartz cuvette was used. The
cuvette was filled halfway with either water or hexadecane (with 0, or 5 cycles of
purification). The measurements were performed on a minimum of 10 droplets of
the opposite phase with a 0.718 mm needle, thus acquiring the oil in water and water
in oil interfacial tension measurements. An average equilibration time of 2 min was
used. For the case of water in oil measurements, a hooked needle with a 0.718 mm
diameter was used. In that case, the calibration was repeated while the needle was
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immersed in the liquid. In all cases, the Young-Laplace equation was fitted on the
contour of the droplets to acquire the values.

3.5 Machine learning

3.5.1 Acquisition of experimental data

Series of aqueous solutions of sodium dodecylsulfate (SDS), cetyltrimethylammonium
bromide (CTAB), and TritonX-100 (10-7 - 10-1 M) were prepared in Milli-Q water,
at 23 °C. The aqueous surfactant solutions were stored at room temperature, and
the acoustic levitation measurements were acquired within a maximum of three
days after the solution was prepared. A disposable steel needle (Sterican, Braun,
Fisher Scientific, USA) attached to a disposable plastic syringe (Injekt, Braun, Fisher
Scientific, USA) were utilized to introduce a droplet into the central acoustic node.
Photographs of the levitating droplet were captured through a digital camera (acA1440-
220um, Basler, Germany) with a frame rate of 1 fps, while the voltage varied with
a rate of approximately 0.05 V/sec, over a period of 30 min. A Python code was
developed to detect the contour of the droplet, determine the coordinates, and calculate
various droplet characteristics, such as radius, volume, aspect ratio, position, etc..
Furthermore, the voltage, current, and time at which each image was taken were
recorded. The measurements were repeated 3 times for each surfactant solution.

3.5.2 Preparation of experimental data

The extracted contours were corrected for tilting and relative position. The tilting was
determined from the OpenCV Python library, and the related position of a droplet was
determined by setting the center of each droplet at the (0,0) coordinate.

The chosen input features were: 175 polar radii, r, for constant polar angle, φ , the
voltage, the current, and the relative position of the center of the contour along the
z-axis, while the surface tension was set as the target feature.
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A total of more than 50,000 contours of levitating aqueous surfactant droplets were
used for the training and evaluation of the DNN. These contours belonged to a series
of surfactant solutions that covered well the adsorption isotherm of each surfactant
(SDS, CTAB, and TritonX-100). Eighty percent (80%) of the contours were used as
the training dataset, with 20% of the training data set aside as the validation dataset.
The remaining 20% of the contours were used as the test dataset.

The input features of the training dataset were normalized column-wise from 0 to 1.
Then, the test subset was normalized based on the range of the training features. The
polar radius, r, was normalized with respect to the minimum and maximum values
among all the droplets in the training subset so that the size ratios could be retained.

3.5.3 Architecture of deep neural network

The architecture of the DNN that was developed for the determination of surface
tension of levitating droplets is reported in Table 3.1. The DNN consisted of 8 layers,
with 50, 40, 30, 20, 15, 10, 5, and 1 neuron(s). In the layers with an odd number (1, 3,
5, and 7) the activation function swish was used, while the activation function softplus
was applied in the layers with an even number (2, 4, 6, and 8). The loss function was
monitored through the MSE, and the optimization function Adam was used.

Table 3.1: Architecture of the developed neural network for the prediction of surface
tension of self-standing droplets. The output shape defines the number of neurons
present in each layer and the number of parameters are shown in the last column. The
total number of trainable parameters was 13,376.

Layer (type) Output Shape No. Parameters
Layer 1 (Dense) (None, 50) 8,950
Layer 2 (Dense) (None, 40) 2,040
Layer 3 (Dense) (None, 30) 1,230
Layer 4 (Dense) (None, 20) 620
Layer 5 (Dense) (None, 15) 315
Layer 6 (Dense) (None, 10) 160
Layer 7 (Dense) (None, 5) 55
Layer 8 (Dense) (None, 1) 6
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3.5.4 Evaluation of neural network

The MSE and MAE of the training and validation subsets were plotted with respect to
the number of iterations (epochs) performed during the training. The surface tension
predictions that the model generated were compared to the surface tension values
determined through the pendant drop method (i.e., True values, in machine learning
terminology). Additionally, the error distribution was plotted to better evaluate the
error range of the model.

3.5.5 Feature importance

A permutation feature importance algorithm, introduced by Fisher, Rudin, and
Dominici61 was applied to investigate the influence of each feature on the predictions.
Initially, the MAE of the neural network without permuting the features was deter-
mined by predicting on the test dataset, after training. Following, the first feature
was permuted by shuffling the specific column of the test dataset. The prediction was
repeated and the resulting MAE was recorded. The same procedure was repeated for
all features. The procedure was repeated three times. The feature importance was
calculated by subtracting the MAE of the original test dataset from the MAE of each
permuted feature. If the error increased significantly after a feature was permuted, it
indicated that the feature had a high influence on the predictions of the neural network.
It should be noted that this analysis is used as a tool to examine the choice of features
that the DNN makes, and whether this choice has a physical meaning. It is not used
as a means to add interpretability to the neural network.

3.6 Optical microscopy

An Axio Imager Z2m, optical microscope (Zeiss Group, Germany) was used for the
acquisition of images through the 10-, 40-, and 50-times magnification lens. A micro-
scope glass slide (Avantor 631-1551, VWR International, USA), and a borosilicate
cover glass (631-0124, 22x22 mm2, VWR International, USA) were used for the
examination of the samples.
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3.7 Contact-free vibrational spectroscopy

An InVia Reflex Raman spectrometer from Renishaw (Wotton-under-Edge-Gloucester-
shire, UK) with a 785 nm diode laser as the excitation source was used for the
acquisition of Raman spectra. The spectrometer was calibrated using a Si wafer
by setting its first-order vibrational mode at 520.6 cm-1. The acoustic levitator
Mk3 was used in this study. Initially, the levitator was operating along the vertical
configuration (Figure 3.2a), and a droplet of water was deposited within the central
acoustic node through a disposable plastic syringe attached to a disposable metallic
needle. Then, a droplet of hexadecane was added onto the levitating droplet of water
through 1 mm in diameter capillary attached to a Hamilton glass syringe (Fisher
Scientific, Sweden). Following, the levitator with the 2 droplets being simultaneously
levitating were manually transported and titled horizontally (Figure 3.2b) to fit under
the Raman microscope. The droplet was detected under the microscope through a
5x magnification Leica objective with a numerical aperture (NA) of 0.12. A series
of 10 spectra with a 5 sec spectral acquisition time was recorded by applying a 15 W
power (5% static), in the spectral band region 100 cm−1 to 3400 cm−1. The average
intensity was calculated from those 10 spectra.

3.8 Contact-free magnetic resonance and imaging

A super wide bore (89 mm) Bruker Avance III 300 MHz 1H (7.05 T) equipped with a
66 mm probe, set in a static gradient system for imaging was used. The shimming
was performed on a 5 mm diameter glass tube containing the sample of interest. A
mechanical lift was built to transport the acoustic levitator with the levitating sample
at the detection zone of the MRI probe. Manual tuning and matching were performed
while the acoustic levitator was operating, with and without a levitated droplet. The
experimental details of the recorded magnetic resonance images and spectra can be
found in the Methods section of Paper IV.
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3.9 Contact-free X-ray scattering

SAXS (Small Angle X-Ray Scattering) and WAXS (Wide Angle X-Ray Scattering)
analyses were conducted using a Xeuss 2.0 instrument (Xenocs, France) equipped with
a Cu Kα radiation source (wavelength of 1.54 Å) and a PILATUS3 detector (Dectris,
Switzerland). The detector was positioned at distances of 975 mm or 1000 mm for
the SAXS measurements on levitating droplets and capillaries, respectively. For the
WAXS measurements, the detector was positioned at distances 326 mm, or 340 mm
for the levitating droplets and capillaries, respectively. A collimated beam size of
800 µm was employed, resulting in q-ranges of 0.011 Å

-1
to 0.62 Å

-1
for capillary

measurements and 0.015 Å
-1

to 0.63 Å
-1

for levitation measurements in SAXS. In
WAXS, the q-range was 0.043 Å

-1
to 1.65 Å

-1
for capillaries and 0.039 Å

-1
to 1.65 Å

-1

for levitation. Glass capillaries of 1.5 mm diameter were used and placed on a sample
holder for capillary measurements, each lasting an hour. Scattering from the empty
beam, empty capillary, and dark field was measured and subtracted from sample
scattering, considering their relative transmissions. The scattering vector, q, was
normalized with respect to the incident beam intensity to obtain absolute units (cm−1).
Levitation measurements with a duration of 15 min were carried out with and without
CO2 exposure. Additionally, kinetic measurements were conducted at 5, 15, and
25 min post-droplet deposition in the central acoustic node during CO2 exposure.
The scattering originating from the empty beam and dark field was subtracted while
considering their relative transmissions.
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4.1 Customized acoustic levitators (Paper I)

Acoustic levitators that utilize multiple transducers offer great design flexibility as
parameters such as the number, arrangement, and phase of the transducers, etc., can
be adjusted to customize them for different applications. In Paper I24, three acoustic
levitators, namely Mk1, Mk2, and Mk3, which satisfied the demands of practical
applications in terms of size, stability, and levitation strength, were developed and
evaluated through simulations and experiments.

In the case of acoustic levitator Mk1 (Figure 4.1a and Figure 4.2a), 17x2 ultrasonic
transducers were placed in a concentric arrangement. The distance between the
opposing array, L, was 52.1 mm, and the opening angle, θ , was 43°. The design was
more compact in comparison to TinyLev25, aiming to create a stronger acoustic field
by concentrating the acoustic radiation forces in a more confined space. The size
of the second design, Mk2 (Figure 4.1b and Figure 4.2b) was further decreased in
comparison to Mk1. Levitator Mk2 consisted of 12x2 transducers; the plastic casing
of the transducers was removed, to increase the density of the transducers in plane.
The distance between opposing arrays, L, was 38.1 mm, and the opening angle, θ , was
47°. As shown in Figure 4.2a-b, the arrangement of the transducers in the cases of Mk1
and Mk2 was concentric, while for levitator Mk3 (Figure 4.1c) the transducers were
placed in a hexagonal arrangement. This led to maximum packing of the transducers,
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which aimed at increasing further the performance by increasing locally the acoustic
pressure around the node. Levitator Mk3 consisted of 18x2 transducers. The distance
of opposing arrays, L, was 43 mm, and the opening angle, θ , was 50°. The opposing
planes were rotated by 60° with respect to each other so that the transducers were
positioned symmetrically around the central node. In all cases, the transducers were
placed on a concave plane, with the aim to increase the acoustic forces locally as
shown by Adamowski et al.32. A more detailed description of the design parameters
can be found in Table 1, Paper I24.

4.1.1 Simulation of acoustic pressure field

The Python library Levitate37 was used for simulating the acoustic pressure fields of
the customized acoustic levitators. In Figure 4.1d-i, and Figure 4.2d-f, the simulations
of the acoustic pressure fields, along the xz, yz, and xy planes are shown. It is observed
that acoustic levitators Mk1 and Mk2 present equally high acoustic pressure along
the xz and yz planes (∼1200 Pa). This shows that by adjusting the cavity length, it is
possible to achieve the same acoustic pressure level with fewer ultrasonic transducers.
Additionally, it is evident that the acoustic pressure fields of Mk1 and Mk2 in the
xz and yz planes are identical due to the symmetrical, concentric arrangement of the
transducers along the opposing planes. In comparison, the acoustic pressure field of
acoustic levitator Mk3 along the xz and yz planes (Figure 4.1d-i) exhibited different
patterns, due to the hexagonal arrangement of transducers and the 60° shift between
the transducer planes. More importantly, Mk3 presented the highest acoustic pressure
compared to the previous designs. This is attributed to the higher packing density of
the transducers resulting from the hexagonal arrangement.
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Figure 4.1: (a-c), Photorealistic rendering of acoustic levitators Mk1, Mk2, and Mk3,
respectively, as viewed from the front (d-f) 2D simulations of acoustic pressure fields
along the xz plane, and (g-i) yz plane. The acoustic pressure is normalized with respect
to the maximum acoustic pressure of the acoustic levitator Mk3. Reproduced with
permission from Reference [24].

Levitator Mk3 presented the highest acoustic pressure along the xy plane, followed by
Mk2, while Mk1 exhibited the lowest acoustic pressure (Figure 4.2d-f). Furthermore,
it is observed that the central area where the acoustic pressure is close to zero can
be approximated by a circle with a radius of approximately 2.5 mm for Mk3 and
approximately 8.0 mm for Mk2. Hence, the Mk3 design generated stronger lateral
forces closer to the acoustic node, owning to the higher opening angle, θ 24.
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Figure 4.2: (a-c), Photorealistic rendering of acoustic levitators Mk1, Mk2, and Mk3,
respectively, as viewed from the top, (d-f) 2D simulations of acoustic pressure fields
along the xy plane. The acoustic pressure is normalized with respect to the maximum
acoustic pressure of the acoustic levitator Mk3. Reproduced with permission from
Reference [24].

4.1.2 Distance of opposing arrays and operating frequency

As mentioned in Chapter 2, the optimum operating frequency of ultrasonic transducers
may shift depending on the driving voltage. The performance of an acoustic levitator
worsens the farther away from the resonant frequency it operates, simply because
the transducers are not operated properly. Consequently, it is important to evaluate
to what degree the optimum operating frequency is affected by the voltage applied.
Furthermore, since ultrasonic transducers act both as emitters and receivers of acoustic
waves, two configurations were defined where the two transducer planes were either
opposing or not each other (Figure 3.1). Moreover, for each configuration, the
measurements were repeated while the two halves were operating with a phase
difference of either 0 rad or π rad.

In Figure 4.3a-b, the current consumption of levitator Mk1 with respect to the operat-
ing frequency of the transducers, for the case where the opposing transducer halves
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were in phase difference of π rad, and 0 rad, respectively, is presented. Primarily,
a different pattern is observed, depending on the phase difference, and secondly, a
slight shift in the frequency where the current reaches a maximum is observed as the
driving voltage increases. This shift is more prominent in the case where the phase
difference is π rad. In order to examine whether the different pattern is attributed
to the wave interactions between the opposing halves, the same measurements were
repeated while the two halves were not facing each other. In Figure 4.3c, it is shown
that regardless of the phase difference the current consumption pattern remained the
same, confirming the influence of the wave interactions on the transducers. Similar
patterns were observed for all tree acoustic levitators as shown in the Supporting
Information of Paper I24.

Figure 4.3: Current consumption of acoustic levitator Mk1 when a) the transducer
halves are opposing each other with a phase difference of π rad, b) the transducer
halves are opposing each other with a phase difference of 0 rad, c) the transducer halves
are not interacting with each other and there is a phase difference of π rad (dashed
line), and 0 rad (continuous line). Reproduced with permission from Reference [24].

In Figure 4.4a, the current consumption of acoustic levitator Mk3 at the resonant
frequency of the transducers (40 kHz) with respect to the distance of opposing arrays,
while the phase difference was either π rad or 0 rad is shown. In both cases of phase
difference, the current consumption presented a damping oscillation pattern as the
distance between the opposing arrays increased. Subsequently, a difference of half
a wavelength, λ /2, was recorded between the two cases. To examine the effect of
distance of opposing arrays, L to the acoustic pressure applied on a levitating object,
a water droplet was levitated, and the aspect ratio was recorded, as the distance, L,
increased. The aspect ratio of a levitating liquid droplet can be used as a direct means
to the degree of acoustic force applied onto it. Aspect ratio of 1 corresponds to a
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spherical droplet (i.e., low acoustic pressure applied), and the lower the value becomes
the more compressed the droplet is. In Figure 4.4, the lowest aspect ratio was found
when the distance, L, was 43 mm, which also overlaped with the minimum current
consumption of the levitator Mk3 when the operating frequency was 40 kHz. As the
aspect ratio was the smallest, it indicated that the droplet was the most compressed at
that distance, L, indicating maximum acoustic pressure for that configuration. Though
counter-intuitive, in the study by Contreras and Marzo33, it was also shown through a
schlieren deflectometer that maximum acoustic pressure is found at minimum current
consumption. As the distance of the opposing arrays increased, a mismatch between
the pattern of the current consumption and the evolution of the aspect ratio was
observed, due to the reduced influence of the acoustic pressure field on the droplet.

Figure 4.4: a) Current consumption of acoustic levitator Mk3, at 40 kHz, with respect
to the distance of opposing arrays, L, while the opposing arrays were operating in
phase difference of π rad (blue line) and 0 rad (orange line), b) comparison between
current consumption of acoustic levitator Mk3, while the opposing arrays had a phase
difference of π rad and aspect ratio of a water droplet with initial volume of 2 µL,
with respect to the distance of opposing arrays, L, and c) Comparison between current
consumption of acoustic levitator Mk3 (left y-axis; blue, continuous line) and aspect
ratio of a water droplet with initial volume of 3.45 µL (right y-axis; green, dashed
line), with respect to the operating frequency. In all cases, the driving voltage was set
at 9.5 V. Reproduced with permission from Reference [24].

As shown in Figure 4.3a, by increasing the voltage, a shift in frequency at which the
current reaches a maximum is observed. In Figure 4.4c, the operating frequency of the
transducers was varied at a constant voltage. Moreover, a droplet of water was simulta-
neously levitating, to examine a potential change in the acoustic pressure applied onto
the droplet. It was found that the current consumption reached a maximum when the
operating frequency was approximately 39.5 kHz, which coincided with the minimum
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aspect ratio (maximum applied acoustic pressure) of the droplet. Furthermore, an
increase in aspect ratio was observed as the operating frequency deviated from the
resonant frequency of the transducers at 40 kHz. These experiments indicated the
influence of the distance L on the acoustic pressure applied onto a levitating object and
the possibility of fine-tuning the applied acoustic pressure by adjusting the operating
frequency.

4.1.3 Levitation capacity

The levitation capacity, Clev, defined in Equation (3.1), is an empirical parameter,
which allows the direct comparison of the levitation strength of the levitators. As
mentioned in Chapter 2, the driving voltage is correlated to the applied acoustic
pressure. Consequently, the lower the driving voltage that is required to keep an object
with a certain weight aloft, the higher the overall generated acoustic pressure, thus the
capacity to levitate.

Figure 4.5: Comparison of the a) experimentally determined levitation capacity, and
b) simulated axial trap stiffness, of acoustic levitators TinyLev, Mk1, Mk2, and Mk3
while operating along the vertical operating orientation (blue columns) and horizontal
operating orientation (orange columns), and phase difference of opposing arrays of
π rad. Reproduced with permission from Reference [24].

For this measurement, a silica bead with a mass of 7 mg was levitated at high voltage
with TinyLev, and the 3 customized acoustic levitators, while operating in vertical
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(Figure 3.2a), or horizontal configuration (Figure 3.2b). Then, the driving voltage
was gradually decreased until the silica bead ceased to levitate. In Figure 4.5a, it is
shown that TinyLev presented the overall lower levitation capacity, followed by Mk1
and Mk2 with similar levels, and Mk3 with the highest levitation capacity of all. In
Figure 4.5b, the simulated axial trap stiffness of each levitator along the horizontal
(x, y axes), and the vertical (z axis) are presented. This parameter expresses the force
required to cause a 1 mm displacement, around the acoustic node, and is found to
correlate well with the levitation capacity.

4.1.4 Spatial stability

The spatial displacement of the levitated object over time was evaluated on water
droplets over a period of 10 min, at three different voltages (7 or 7.5, 10, and 12 V).
Examining this parameter with a liquid droplet allows the evaluation of the levitator
for the intended use for physicochemical studies of soft matter, while potential volume
dependencies between the stability and the levitating sample can be unraveled. In
Figure 4.6, the average standard deviation of the center (xc, zc) of the levitated water
droplets is plotted with respect to the applied voltage along the horizontal, x-axis
(upper plot) and vertical, z-axis (bottom plot) movement. The acoustic levitator, Mk3,
presented the least droplet displacement (i.e., stability) along both the horizontal, x-
and vertical, z-axes, followed by Mk1, Mk2, and TinyLev. In the case of displace-
ment along the z-axis, the latter three acoustic levitators presented similar levels of
displacement, while Mk3 exhibited higher stability, within a ±10 µm range.

Figure 4.6: The average standard deviation of the center (xc, zc) of levitated water
droplets is plotted with respect to the applied voltage for acoustic levitators: TinyLev
(orange), Mk1 (black), Mk2 (blue) and Mk3 (green), along a) the x-axis and b) the
z-axis. Reproduced with permission from Reference [24].
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Based on previous studies, the degree of spatial displacement of a levitating object
depends on the axial trap stiffness and the curl forces within the trap62. Consequently,
the level of acoustic forces around the acoustic trap and the pattern of the acoustic
pressure field will have an influence. This may explain the lower stability of Mk2,
in comparison to Mk1, along the x-axis, although higher lateral pressure was found
based on the acoustic pressure field simulations in Figure 4.2e-f.

4.2 Contact-free determination of surface tension (Paper II)

As explained in Chapter 2, the acoustic pressure field influences the shape of a
levitating liquid droplet. The degree of deviation from sphericity depends on the
volume, acoustic pressure, and surface tension (Figure 2.1). The resulting droplet
shape is the result of the balance of forces on the surface of the droplet. However, the
main difficulty arises from determining accurately the applied acoustic pressure on
the surface of the droplet. Moreover, theoretical models usually apply simplifications
and conditions that may limit the accuracy and applicability of the model. On the
other hand, machine learning can unravel patterns from data, without setting any
preconditions.

In Paper II63, the customized levitator Mk1 was used for the acquisition of a large
experimental dataset, required for the training of a neural network. Initially, the
data-driven approach was validated on in-silico data that were generated from Equa-
tions (2.25)-(2.26) with and without artificial noise. Then, the same neural network
architecture was implemented on experimental data, which will be the focus of this
section. The input features on which the neural network relied the most, and potential
droplet size and deformation limitations on the prediction of surface tension were
investigated.

4.2.1 Experimental data and machine learning predictions

In Figure 4.7a-c, the distributions of the surface tension, volume, and voltage of
the chosen experimental data are shown. In Figure 4.7d, representative overlapping
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contours of levitating droplets are presented. These contours are larger and deviate
more from a circular shape, in comparison to the theoretical ones63.

The accuracy of the ML predictions on the experimental data was evaluated in Fig-
ure 4.7e-f and Figure 4.8. In Figure 4.7e, the surface tension ML predictions were
compared to the surface tension values measured through the pendant drop method. It
was found that the majority of the predictions were in agreement with the pendant
drop method. In Figure 4.7f, the error distribution of the ML predictions is shown,
and the majority of the predictions were in the range of ±2 mN/m, while the average
MAE was 0.88 mN/m.

Figure 4.7: Data distributions of a) surface tension, b) volume, c) voltage of ex-
perimental data. d) Representative overlapping contours of experimental data. e)
Comparison between the surface tension values measured through the pendant drop
method (x-axis) and the surface tension values predicted through the ML algorithm
(y-axis) on the test dataset (11,674 instances). f) Error distribution of the surface
tension predictions the ML algorithm made on the test dataset (11,674 instances).
Reproduced with permission from [63].

In Figure 4.8a-c, 100 randomly chosen ML predictions are plotted with respect to
the adsorption isotherms of SDS, CTAB, and TritonX-100, respectively. Overall, the
predictions cover the isotherm at a satisfactory level and the majority of the predictions
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appear to be in very good agreement with the measurements acquired with the pendant
drop technique.

Figure 4.8: Comparison between the adsorption isotherm curves (True values) and
100 randomly distributed ML predictions of a) sodium dodecylsulfate (SDS), b)
cetyltrimethylammonium bromide (CTAB), and c) octylphenol decaethylene glycol
ether (TritonX-100). Reproduced with permission from [63].

4.2.2 Feature importance analysis

A permutation algorithm was applied to investigate the importance of the input data
for the ML to reach the predictions. This algorithm mixed the order of one feature at
a time and calculated the error of the predictions with the new order. The higher the
acquired error after mixing the order of the feature, the more important the feature was
considered, as it was an indication of the ML being dependent on that feature, to reach
correct decisions. In Figure 4.9a, it is observed that the greatest influence originated
cumulatively from the 175 radii describing the contour of the droplet, followed by
the voltage, current, and vertical position in space. To investigate the influence of the
exact coordinates on the predictions, the contour was color-coded based on the feature
importance (Figure 4.9b). The contour points at the extremities (i.e., top, bottom,
right, left) of the droplet had the highest feature importance, which is expected since
these points are affected the most as the volume, pressure, and surface tension vary.
The other three input features are directly correlated to the value of acoustic pressure
applied on the droplet, with the voltage being the most important.
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Figure 4.9: a)The influence of each feature that was input in the neural network is
expressed as feature importance. b) The influence of each radius that defined the
droplet contour on the machine learning predictions is color-coded. The darker the
color of the point, the higher the influence on the prediction. c) Density distribution
of volume in the test dataset. d) Prediction error with respect to the volume of the
droplet. e) Density distribution of volume in the test dataset. f) Prediction error with
respect to the aspect ratio of the droplet. Reproduced with permission from [63].

To identify potential error correlations between the predictions and the size or shape
of the droplets, the data distributions of these parameters were compared to the MAE
of the prediction with respect to the volume and aspect ratio (Figure 4.9c-f). The
aspect ratio was used as a means to describe the deformation of the droplets, as the
farther away it is from 1, the more oblate the shape of the droplet will be. In both
cases, no clear correlation between the data distribution and the prediction error was
drawn. The error was distributed in the same way as the data distribution, and a few
outliers with high error were found in the regions with more data points. These errors
may be attributed to droplet instabilities during the measurements. More importantly,
the error when the volume was larger than 4 µL, and the aspect ratio was lower than
0.6, did not surpass 1 mN/m, which are cases where theoretical models could not be
applied due to simplifications41,46. This indicates the applicability of this approach,
and its potential to determine the CMC on a single droplet.
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4.3 Contact-free macroscopic crystallization (Paper III)

In Paper III, a binary system of immiscible droplets was investigated through optical
observations and Raman spectroscopy. Specifically, a droplet of water was levitated,
and then a droplet of hexadecane was added onto it. The moment the two droplets came
in contact, a macroscopic crystallization of the droplet of hexadecane was observed
on the surface (Figure 4.10). Specifically, within the first 30 sec, approximately 20%
of the surface became solid.

Figure 4.10: a) Side-camera view and b) top-camera view of the interfacial freezing
of hexadecane under acoustic levitation, when the hexadecane droplet was in contact
with the levitating droplet of water at different time periods, at 21 °C and 35% relative
humidity. The orange color and the black circular parts in the photographs from the
top camera are the color of the levitator and the ultrasonic transducers, respectively,
that are present below the droplet. There is a hole at the centre of the levitator that is
why the centre of the droplet has the same color as the background.

After approximately 5 min, the surface of hexadecane had fully solidified, while a
couple of minutes later, the droplet began to melt back into a liquid (Figure 4.11). The
melting process took place for approximately 3.5 min before the droplet of hexadecane
was liquid again. Throughout this process, the droplet of water was evaporating, while
after 8.5 min only a small volume was left.
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Figure 4.11: Continuation of side-camera view and b) top camera view of the acousti-
cally levitated droplets of water and hexadecane, at 21 °C and 35% relative humidity.
The droplet of hexadecane is melting back into a liquid.

An intriguing observation was that when a droplet of hexadecane was levitating
and a droplet of water was added onto it, under the same experimental conditions
(room temperature of 21 °C and relative humidity of 35%), no macroscopic surface
crystallization took place (Figure 4.12). This was an unexpected result, that led to a
surface and interfacial tension investigation.

Figure 4.12: a) Top-camera view of liquid droplet of hexadecane (left) in contact
with liquid droplet of water (right), after a droplet of water was added on a levitating
droplet of hexadecane, and b) top-camera view of solid droplet of hexadecane (left) in
contact with liquid droplet of water (right), after a droplet of hexadecane was added
on a levitating droplet of water.
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4.3.1 Effect of impurities in hexadecane

In the above observations, the hexadecane was used without further purification (99%
pure hexadecane). Yet, previous publications have reported the presence of surface-
active impurities in alkanes, leading to interfacial tension differences between the
water in oil and oil in water measurements64. After performing the measurements,
a 10 mN/m interfacial tension difference was indeed found, while a drift of approx-
imately 3 mN/m was recorded, over a period of 2 min, indicating the presence of
surface active impurities. The hexadecane in water interfacial tension values varied
from 56.88 mN/m to 53.58 mN/m, and the water in hexadecane values varied from
48.19 mN/m to 45.07 mN/m; however, the surface tension values were steady for both
liquids and equal to 27.23 ±0.02 mN/m and 72.5 ± 0.08 mN/m for hexadecane and
water, respectively.

Hexadecane was, therefore, passed through an aluminum oxide column, to remove the
surface active impurities64, and the interfacial tension measurements were repeated.
After 5 purification cycles, the water in oil and oil in water interfacial tension measure-
ments were constant and equal to 56.5 ± 0.1 mN/m, in both cases. The system was
levitated at room temperature of 21 °C, and 32% relative humidity, and it was found
that the macroscopic surface freezing took place regardless of the order of droplet
deposition. This indicated that the interfacial tension difference may have had an
influence on the macroscopic surface crystallization of hexadecane, due to surface
energy and spreading differences.

4.3.2 Effect of humidity and temperature

Another important parameter is the humidity since it defines the rate of heat transfer
from water to hexadecane during evaporation, leading to a cooling effect65. The
cooling effect is more prominent in dry environments as the evaporation rate is higher.
The relation between the humidity and the microscopic surface freezing of hexadecane
was examined with the hexadecane that underwent 5 cycles of purification at 21 °C. It
was found that the surface freezing of hexadecane occurred at relative humidity below
30%, regardless of the order of droplet deposition, indicating that the evaporation rate
of water significantly impacted the formation of a solid phase.
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Previous publications have claimed that the temperature of an acoustically levitated
droplet of water was up to 11 K lower than the room temperature66,67. The temperature
of a levitating water droplet and the two-droplets system was measured with an IR
thermometer, with Mk1. It was found that the temperature was close to the room
temperature that was measured with an electronic thermometer. Consequently, it
was not purely the process of levitation, leading to water evaporation and therefore
cooling, that led to the surface freezing of hexadecane.

Other publications have shown that alkanes form a hexagonally arranged monolayer
at the air/alkane interface, 3 K above the melting point47–49. Through Differential
Scanning Calorimetry (DSC) analysis the melting point of hexadecane was found to
be at 18.5 ± 0.1 °C regardless of the number of purification-cycles, indicating that the
surface active impurities did not have a significant influence on the bulk properties of
the liquid. Following, the room temperature was increased from 21 °C to 25 °C and
30 °C, and in both cases, the freezing did not occur, indicating the critical role of the
3 K threshold.

4.3.3 Effect of the water to hexadecane volume ratio

As shown above, the evaporation rate of water significantly impacted the occurrence of
the surface freezing of hexadecane. For that reason, the influence of the hexadecane-to-
water volume ratio was examined as a contributing factor, when the room temperature
was 21 °C and the relative humidity was 30%. In Figure 4.13, the volume of water
appears to have a great influence on the maximum surface area of hexadecane being
frozen, regardless of the order of droplet deposition. In the case where a droplet
of hexadecane was deposited on a levitating droplet of water, the surface area of
hexadecane was completely frozen when the volume of water was equal to the volume
of hexadecane. Yet, a smaller fraction of surface area was frozen in the opposite
order of droplet deposition overall. Moreover, the frozen part appeared to be less
translucent, indicating either a thinner frozen layer or a different crystal phase.
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Figure 4.13: a) Maximum surface crystallization of a 3 µL droplet of hexadecane
and various volumes of water when a) water was levitating first and hexadecane was
added, and b) hexadecane was levitating first and water was added.

4.3.4 Contact-free vibrational spectroscopy

The phase transition was characterized in a contact-free manner by combining Raman
spectroscopy and the acoustic levitator, Mk3. This levitator is stronger and more
stable than Mk124, which allowed operating the device horizontally (Figure 3.2b)
while both of the droplets were levitating. Two spectral band regions were examined:
from 800 to 1600 cm-1, and from 2600 to 3100 cm-1, which can provide information
about the crystal phase, and the physical state of hexadecane, respectively68.

The Raman spectra shown in Figure 4.14a, vary in intensity, but appear to have the
same pattern, regardless of the order of droplet deposition, which is characteristic
for solid hexadecane68. This confirmed the presence of a solid phase in both cases.
In Figure 4.14b, the Raman spectrum of the case where hexadecane was added on
a levitating droplet of water (i.e., water+hexadecane), is characteristic of a triclinic
crystal state68. However, in the case where water was added on a levitating droplet of
hexadecane, three peaks appeared in the spectral band region of 1367–1379 cm−1, and
a difference in intensity ratio was recorded between the 1296 cm−1 and 1370 cm−1

peaks. This spectrum has not been reported before; yet, X-ray scattering studies and
simulations support the presence of a transient rotator phase in hexadecane48,69–71.
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Figure 4.14: Raman spectra of the hexadecane/water system for the case when
water was levitating first and hexadecane was added afterwards (blue) and in the
opposite case (orange) showing the spectral range a) 2600 to 3100 cm-1, and b) 800
to 1600 cm-1.

Simulations have predicted that this rotator phase appears immediately upon freezing,
and before transitioning into the more stable triclinic state69. In the Supporting
Information of Paper III, it is shown that the peaks in the 1367–1379 cm−1 region
disappeared upon melting of hexadecane and the triclinic phase appeared, indicating
the transient nature and difficulty to capture this phase. It is probable that these
peaks were visible here, due to a delayed freezing of hexadecane, owing to a relative
humidity of 35%, which led to a slower heat transfer between the droplets.

The transition from a solid hexadecane to a liquid was also captured, by recording
a series of Raman spectra (Figure 4.15a). During the melting process, the intensity
and broadening of the peaks increased. The kinetics were quantified, by following the
evolution of the 1296 cm−1 shift, which refers to the CH2 twisting band. The width of
the peak at t=0 min was set at 0% liquid, as the spectrum at the spectral band region of
2600 to 3100 cm-1, after t=2 min, indicated the presence of a solid. In Figure 4.15b, it
is shown that the melting process evolved at an exponential rate and the full transition
occurred within approximately 3 min.
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Figure 4.15: a) Raman spectra of the hexadecane/water system, while hexadecane
was melting back into a liquid, and b) percent conversion of solid hexadecane (0%)
into a liquid droplet (100%), calculated based on the width of the 1296 cm-1 shift,
over time.

4.4 Contact-free magnetic resonance (Paper IV)

In Paper IV, a demagnetized version of the acoustic levitator Mk3 was developed
and inserted into the 66 mm in diameter MRI bore of a 7.05 T magnet. A series of
volatile and non-volatile solvents were studied, while the relation between the shape
of the droplet and the chemical shift was established. It was also possible to follow
molecular dynamics in real-time during evaporation.

4.4.1 Magnetic resonance imaging on self-standing droplets

In Figure 4.16a-c, MRI images of a levitating droplet of hexadecane are visualized
by applying three different MRI pulse sequences, with an in-plane resolution of
312.5 µm/pixel, across the axial (xy), sagittal (xz), and coronal (yz) slices. In all cases,
the droplet was well visible and no clear artifacts were present. However, in the case
of RARE, the pulse input power was too high, which caused the droplet to burst, as
shown in the Supporting Information of Paper IV.
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Figure 4.16: MR images of an acoustically levitated droplet of hexadecane acquired
with a) FLASH, b) True-FISP, and c) RARE. MR images of an acoustically levitated
droplet of water over a period of 8.5 min, were acquired with FLASH along the d)
axial (xy), e) sagittal (xz), and coronal (yz) planes. The time in the inset refers to the
period of acquisition. g) Average normalized maximum pixel intensity over time.
Calculated h) volume, and i) aspect ratio of the water droplet from the FLASH MR
images over time.
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In Figure 4.16d-f, a levitated droplet of water was visually monitored with the MRI
pulse sequence FLASH (fast low angle shot)72 over a period of 8.5 min. As the
evaporation took place, the pixel intensity of the MR images decreased (Figure 4.16g).
The volume and aspect ratio of the droplet were determined through image analysis
during evaporation. It was found that the pixel intensity and the volume followed the
same trend, while the aspect ratio remained close to 1, indicating a spherical droplet.
The latter observation was attributed to the low acoustic radiation forces applied on
the droplet at 10.0 V inside the magnet.

4.4.2 Magnetic resonance spectroscopy on self-standing droplets

In Figure 4.17a, 1H NMR spectra of levitating canola oil droplets within a defined
voxel (localized spectra), and under the whole detection volume of the magnet (non-
localized spectra) are shown. From the localized pulse sequences, ISIS (image-
selected in viva spectroscopy)73 led to the highest spectral resolution, in terms of
peak intensity and width, as it was shown in the Supporting Information of Paper IV.
The non-localized pulse sequences led to equally high spectral resolution, which was
comparable, and for certain peaks superior to the spectral resolution acquired with
a standard NMR tube, using a standard NMR probe, with the same magnetic field
strength.

The chemical shift of the MR spectra acquired on the levitating droplet of canola
oil were calibrated by using, as a reference, the spectrum collected with a standard
NMR tube. In practice, the shape of the droplet affects the chemical shift, due to
changes of the local magnetic field strength in the droplet. In Figure 4.17b, the
theoretical chemical shift difference is plotted as a function of the aspect ratio of a
hexadecane droplet, as expressed with the equations in the Material and Methods of
Paper IV. The more compressed the droplet is, the more pronounced the chemical
shift difference from the standard NMR tube was expected to be. In Figure 4.17c,
MR spectra of a levitating droplet of hexadecane were acquired at different driving
voltages. At low driving voltage, the droplet shape was close to a sphere and as the
voltage increased, the droplet became an oblate, since the acoustic pressure applied
onto the droplet increased. A downfield shift was observed as the driving voltage
increased, which was in line with the theoretical expectations. Following, MR images
of the levitating droplet of hexadecane with an in-plane resolution of 625 µm/pxl were
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collected with the pulse sequence True-FISP,74 and the aspect ratio was determined
through image analysis. In Figure 4.17d, the theoretical aspect ratio determined from
the chemical shift in Figure 4.17c, was compared with the aspect ratio determined
through the MR images. In both cases, the aspect ratio followed the same trend, and
little variations were found, indicating the possibility of using the chemical shift as a
means to determine the shape of the levitating droplet.

Figure 4.17: a) MR spectra of a canola oil droplet, levitated at 9.0 V, acquired in
a 7.05 T magnet with the pulse sequences STEAM, PRESS, ISIS, NSPECT, and
Single Pulse, with 66 mm MRI probe, and NMR spectrum of canola oil in a glass
tube acquired in a 7.05 T magnet with a 5 mm NMR probe. The chemical shifts of the
spectra acquired on the levitated droplet have been shifted to match the spectrum of
canola oil in the glass tube. b) Theoretical chemical shift difference for a hexadecane
droplet with respect to the aspect ratio, with illustrations of droplets with aspect ratios
of 0.9, 0.6, and 0.3, from left to right. c) Representative examples of repeated ISIS
MR spectra of an acoustically levitated hexadecane droplet at different voltages (i.e.,
aspect ratio). d) Aspect ratio of hexadecane droplets determined by combining the
MR spectra with the theory presented in the Material and Methods, and aspect ratio
determined by MR images of hexadecane levitated at 9 V, 10 V, 11 V, and 12 V.
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4.4.3 Molecular interactions within self-standing droplets

Following, the evaporation of a 50 wt% aqueous triethylene glycol (TEG) droplet was
chosen to be studied through MR imaging and spectroscopy, due to its high affinity to
water, which lead to strong interactions through hydrogen bonding75. Figure 4.18a-d
presents the MR images and pixel intensity over time. The pixel intensity decreased
by approximately 27% within the first 3-6 min of the measurements, due to water
evaporation and then remained relatively constant.

Figure 4.18: FLASH MR images of a 50 wt% TEG aqueous droplet, levitated at
10.0 V along the a) axial (xy), b) sagittal (xz), and c) corronal yz planes, over a period
of 15 min, d) normalized maximum pixel intensity with respect to time, e) Time-
resolved ISIS MR spectra of a 50 wt% TEG aqueous droplet, levitated at 10.0 V, over
a period of approximately 15 min, and f) normalized integrals of MRS signals over
time.

59



Chapter 4 Results and discussion

In Figure 4.18e, a series of MR spectra, acquired with the localized pulse sequence
ISIS, over a period of 16 min is presented. Initially, the -OH signal from the water at
4.7 ppm was high and dominated over the TEG-OH signal in intensity. As evaporation
took place, the signal broadened since the solution reached a more equal -OH exchange
between water and TEG, due to hydrogen bonding. Finally, the -OH signal from the
TEG-OH group appeared at approximately 4.45 ppm, when water evaporated to the
extent that the TEG-OH protons were in majority. In Figure 4.18f, the integrals of
the NMR signals over the period of 16 min were normalized. The integral from the
TEG peaks between 3.4 and 4 ppm remained constant, which was expected as TEG
does not evaporate at room temperature; however, the integral from the -OH signals
originating from water and TEG-OH decreased and reached a plateau within the first
5 min of the measurements. Furthermore, at the plateau, there is a 6:1 integral ratio
between the TEG-OH and TEG, which corresponds to the ratio of hydrogen atoms
in the main chain and in the carbons present at the extremities of the TEG molecule.
This indicated that the water had fully evaporated.

4.5 Phase transition induced by CO2 on a single droplet
(Paper V)

In Paper V, a pH-responsive system consisting of 2 wt% 12-hydroxystearic acid (HSA)
was studied. Choline hydroxide and monoethanolamine (MEA), at different ratios,
were used as counter-ions to dissolve HSA. The counter-ion(s) ratio r, is defined as:

r =Ccholine/(CMEA +Ccholine) (4.1)

where C is the concentration.

To induce a pH change, CO2 was used, allowing to control the kinetics through the
gas flow rate. The induced changes were observed through optical observations, X-ray
scattering, and magnetic resonance spectroscopy.
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4.5.1 Phase diagram of 12-HSA

Initially, the phase diagram of the system (see Figure 4.19) was determined through
microscopy observations, pH measurements, small angle neutron scattering (SANS),
small angle X-ray scattering (SAXS), and wide angle X-ray scattering (WAXS). It was
found that, when only MEA was present as a counter-ion, r=0.0, then multi-lamellar
tubes were present. As the fraction of choline was increased in the system, more
micelles appeared in solution, until only micelles were found, in the case where
choline was the only counter-ion, r=1.0. When the pH decreased below 8, only
multi-lamellar tubes were present, regardless of the counter-ion ratio.

Figure 4.19: Phase diagram of 2 wt% HSA at different counter-ion ratios and pH
values. Illustrations of the multi-lamellar tubular structures and the micelles are shown.
The area with the dashed lines indicates an intermediate state where both phases are
present. Below that area, a clear transition was observed.
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4.5.2 Contact-free optical characterization

Microliter droplets of 2 wt% HSA at different counter-ion(s) ratios, containing a
universal pH indicator, were levitated and observed through a color camera, while
exposed to a flow of CO2. In Figure 4.20, the color and shape changes of the droplets
with counter-ion ratios of r=0.0, r=0.5, and r=1.0, within the first minute of CO2

exposure, are presented. The droplets with higher counter-ion ratio r, presented a
more gradual change in color and a more rapid change in aspect ratio, owing to the
lower gelling at the interface, which allowed the CO2 to interact with the bulk droplet,
not only with the interface. As shown in Chapter 2 and previous publications21,35 the
shape of the droplet becomes more compressed when the surface tension decreases,
assuming that the volume and acoustic pressure remain constant (Figure 2.1c). In the
Supporting Information of Paper V, the acoustic pressure in the presence of CO2 was
simulated, and negligible changes were found. This indicated that the decrease in
aspect ratio was due to the decrease of surface tension in the CO2 environment, which
is supported by previous publications76,77.

Figure 4.20: Photographs of 2 wt% HSA acoustically levitated droplets exposed to
CO2 at time 0, 15, 30, 45, and 60 sec with counter-ion ratios of a) r = 0.0, b) r = 0.5,
and c) r = 1.0.

The droplets were acoustically levitated for 15 min in CO2 flow and from the camera
observations, the droplets evaporated less in comparison to the droplets that evaporated
in air. This was attributed to the gelling at the interface due to the interactions with
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CO2 which delayed the mass transport of water from the droplet. Specifically, the
droplets did not exceed a content of 5 wt% in HSA, while based on microscopy
observations of 10 wt% HSA samples, the phase diagram in Figure 4.19, remained
unchanged at high pH. Following the 15 min acoustic levitation of the droplets, the
samples were collected and observed under the optical microscope, and the presence
of multi-lamellar tubes was visible in all samples, indicating that CO2 did induce a
phase transition.

4.5.3 Contact-free structural analysis

The structural changes of the self-assemblies within the levitating droplets, resulting
from the exposure to CO2, were evaluated by combining acoustic levitation with
X-ray scattering. Three consecutive measurements were performed within the time
frames of 0-5 min, 5-15 min, and 15-25 min, where at time t=0 min the CO2 flow
was initiated. In Figure 4.21, the kinetics of the phase transition for the samples with
counter-ion ratios of, r=0.0, r=0.5, and r=1.0 are presented. In all cases, a gel Lβ state,
and the presence of multi-lamellar tubes, in a triclinic lateral packing of HSA, after
25 min of CO2 exposure were confirmed78. Overall, a shift towards higher q values
was observed in all droplets, indicating a decrease in the interlamellar distance inside
the tube. This decrease was more prominent as the counter-ion ratio r, increased.

Figure 4.21: SAXS intensity profiles r = 0.0, r = 0.5, and r = 1.0 at t = 5 min,
t = 15 min, and t = 25 min of CO2 exposure. The insert of each spectrum represents
the corresponding WAXS diffractograms at t = 5 min, t = 5 min, and t = 25 min of
CO2 exposure. The spectra are shifted in intensity for clarity.
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4.5.4 Contact-free magnetic resonance spectroscopy

The mobility of water inside the 2 wt% HSA droplets with r=0.0, r=0.5, and r=1.0
was evaluated by coupling acoustic levitator, Mk3, with a 7.05 T magnet, as described
in Paper IV. The droplets were acoustically levitated, and a series of 1H NMR spectra
were acquired, in either a CO2 or air environment. In Figure 4.22a, it can be seen
that the linewidth increased more, for lower counter-ion ratios, r, indicating that
the molecular motion of the water molecules decreased when a higher amount of
MEA was used as a counter-ion. These results were compared with the T2 spin-spin
relaxation times of the samples, measured in standard NMR tubes, and it was found
that the T2 time was higher for lower counter-ion ratio, which was in agreement with
the above observations. This was attributed to the higher population of multi-lamellar
tubes when a higher concentration of MEA was present as a counter-ion.

Figure 4.22: a) Linewidth at half maximum height, and b) chemical shift of the water
peaks from 1H MR spectra on acoustically levitated droplets with initial content of 2
wt% HSA, and counter-ion ratios of 0, 0.5, and 1, respectively, under CO2 exposure
(filled points) and air (cross-marked points).

Following, the change in chemical shift was examined as a function of time while
the droplets evaporated in either a CO2 or an air environment. This parameter relates
to the chemical environment and the shape of the droplets, as shown in Paper IV;
however, the 1H NMR measurements performed in the standard NMR tube did not
show a change in chemical shift due to the pH change. Consequently, the chemical
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shift was mainly attributed to changes in the shape of the droplet. In Figure 4.22b, a
downfield shift is observed in the case of r=0, while for r=0.5, and r=1.0, the chemical
shift either remained approximately constant, or decreased. Based on the theory
developed in Paper IV a compressed droplet, an approximately unchanged droplet and
a more spherical droplet would be expected for r=0, r=0.5, and r=1.0, respectively.
These changes follow the expected shape changes in aspect ratio observed with the
camera when the droplets evaporated in air. However, in the case of CO2 environment,
the situation was not following the expectations. It is important to note that the aspect
ratio of the droplet, depends greatly on the volume of the droplet, particularly when
low acoustic pressure is applied. In the present case, minor variations in chemical
shift could be attributed to limited variations in aspect ratio for these reasons.
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5
Conclusions

Acoustic levitation presents numerous possibilities for the study of small-volume
samples in a contact-free manner. This thesis underscores the multiple applications
of acoustic levitation in the study of soft matter, given the appropriate conditions, in
terms of performance and customization, are met.

In Paper I, three customized designs of acoustic levitators (Mk1, Mk2, and Mk3)
were theoretically and experimentally evaluated. The transducers of levitators Mk1
and Mk2 were positioned in a circular arrangement, while for Mk3 a hexagonal
packing was implemented. Based on the simulations, levitator Mk3 presented the
highest acoustic pressure in all dimensional planes (i.e., xz, yz, and xy), while Mk1
and Mk2 exhibited similar levels of acoustic pressure, confirming the dependence
between the distance of opposing arrays, and the number of transducers. Furthermore,
the frequency response was found to be a good guide for determining the optimum
distance between the opposing arrays and fine-tuning the operating frequency of a
specific levitator. In terms of experimental performance, the levitator Mk3 presented
the highest spatial stability, and levitation capacity, which was in agreement with the
simulations. Levitators Mk1 and Mk2 presented similar spatial stability and levitation
capacity. However, Mk1 showed higher horizontal stability in comparison to Mk2,
potentially due to induced curl forces in the force field of levitator Mk2. Additionally,
arranging the transducers in a hexagonal pattern has proven to be beneficial in the
performance of the acoustic levitator. The outcome of this study was implemented
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into an interactive online framework, which allows the customization of acoustic
levitators, for specific applications.

In Paper II, the relationship between droplet shape and surface tension was delved
with machine learning. The adequate stability of levitator Mk1 allowed the acquisition
of a large dataset of acoustically levitated aqueous surfactant droplets, under various
conditions. However, the effect of the acoustic radiation force could not be directly
related to the deformation and the surface tension through the existing models. Ma-
chine learning was therefore utilized as a tool to determine the underlying correlations
between the droplet contours, and the surface tension, without any set preconditions.
Droplets from a series of surfactant solutions (SDS, CTAB, and TritonX-100) were
acoustically levitated over a period of 30 min, while the voltage was continuously
varied, and in total over 50,000 photographs of droplets were collected. The neural net-
work allowed the accurate determination of surface tension throughout the adsorption
isotherms of all three surfactants. Moreover, the machine learning algorithm surpassed
physical conditions and restrictions that were assigned in previous theoretical models,
while the accuracy remained equally high, and in certain cases higher.

In Paper III, acoustic levitator Mk1 was utilized for the study of a binary-droplet
system of immiscible liquids. The phenomenon of surface freezing of hexadecane was
observed macroscopically up to 3 K above the melting point when the hexadecane
droplet was in contact with water. It was found that surface active impurities present
in alkanes affected the conditions under which the surface freezing occurred. Another
parameter that significantly influenced this effect was the humidity, which affected the
evaporation rate of water and consequently the heat transfer between the two levitating
droplets. Owning to the high levitation force and stability of levitator Mk3, Raman
spectroscopy studies were performed on the droplets. This allowed the investigation
of hexadecane in solid phase and the quantified evaluation of the melting kinetics.
Overall, this study paves the way for studying binary-droplets systems in a contact-
free manner, and the suitability of acoustic levitation as a method for investigating
phenomena in environmental and atmospheric sciences.

In Paper IV, magnetic resonance studies were performed on self-standing droplets by
developing a demagnetized version of acoustic levitator Mk3. Three different MRI
pulse sequences were performed on acoustically levitated droplets, which allowed
acquiring of good-quality MR images and following the evolution of evaporation.
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Moreover, the relationship between the droplet shape and chemical shift was estab-
lished from a theoretical and spectroscopy standpoint, owning to a change of magnetic
field strength locally. Lastly, dynamic molecular interactions were followed, while
quantitative evaluations were performed on microliter droplets.

In Paper V, a pH-responsive system was evaluated in a contact-free manner by flowing
CO2 in close proximity to the levitating droplet. The CO2 did not affect the stability
of the droplet while the system was characterized through optical means, X-ray
scattering, and magnetic resonance spectroscopy. By coupling acoustic levitation with
the above techniques, the characterization of the sample in terms of pH, surface tension,
phase transition, and molecular changes was performed in real-time. This approach
allows the direct study of systems in the microliter regime, without compromising the
performance of advanced analytical tools, and provides a suitable background for the
investigation of complex systems.

These contributions highlight the applicability of acoustic levitation in the study of
interfacial and bulk phenomena on self-standing droplets, after proper customization
of the device is achieved. Future studies may focus on the adjustment of the individual
arrays for the rotational control of a spherical droplet, or positional control of multiple
droplets. These developments could lead to the study of droplet collision and mixing
of systems, in real-time. Furthermore, increasing the magnetic resonance image
resolution of the acoustically levitated droplets, leading to more advanced MRI
studies, can also be considered. The possibilities are endless, with our imagination
being the only constraint.
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