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This thesis focuses on a particle’s magnetic trapping. Being trapped, the particle becomes
well-isolated, which makes it suitable for various levitodynamics applications. In ex-
perimental part, an efficiency of nebulization as a trap loading technique is investigated.
5 suspensions of SiO2 and polymer particles 1.5–5.2 �m in size are sprayed via a jet
nebulizer and studied by optical microscopy and high-speed imaging. The nebulization
setup performs its function properly but requires further improvements such as increasing
the number of produced particles, their visualization and launching speed control, and
implementing dehydration procedures. In modeling part, 8 configurations of horizontal
magnetic traps are numerically simulated and compared. Geometries built from cone,
cylindrical and pencil-shape permanent magnets are consistently investigated to deter-
mine their trapping ability. As a result, 6 strong magnetic gaps are revealed. The pencil-
shape magnets demonstrate better localization of the trapping area and provide trap depth
of � 7�10-18 J which is large enough to overwhelm the thermal fluctuations. An effect of
geometry on the trap’s performance is studied, and an optimal tip radius is 75 �m.
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1 INTRODUCTION

1.1 Background

Levitodynamics is a rapidly developing �eld, which focuses on the study and manipula-

tion of levitated microscopic and nanoscopic objects in air or vacuum [1]. A levitated

particle is isolated from the environment, that is no mechanical contacts to any support

or substrate are present. Absence of mechanical contacts, �rstly, allows levitated object

to be freely translated and rotated, and secondly, reduces thermal �uctuations from the

support [2]. The thermal disturbances by surrounding air molecules can be minimized

under the vacuum conditions. As a result, the levitated particle is extremely isolated,

which makes it an attractive platform for various studies in many �elds from the quantum

physics to the highly sensitive sensor applications [3].

A particle can be levitated by an optical [4–6], an ion [7–9], an acoustic [10–12] or a

magnetic trap [13–15]. However, an optical trapping system requires speci�c optical

properties of the material to be trapped and utilizes very strong optical �elds, which may

result in the sample overheating and destruction. In turn, an ion trap is capable to levitate

charged particles only and uses dynamic electrical �elds. On the contrary, a magnetic

trap is devoid of these shortcomings. It is static, not energy consumable and suitable for

a large number of diamagnetic materials [16], which makes it a widely applicable tool.

Recently, several diamagnetic and magneto-gravitational traps have been proposed [16–

18], but the study and development of new trapping con�gurations or their modi�cations

is still in demand. Most of the reported traps consist of permanent magnets oriented

vertically, while this study focuses on horizontal magnetic traps. Before being levitated,

particle must be delivered into the trap. Due to the diversity of the proposed trapping

systems, the particle delivery methods also vary from type to type, and there is no uni�ed

solution found. Hence, the particle loading remains a tricky question and requires an

experimental study.

1.2 Objectives and delimitations

The main goal of this thesis is to perform experimental and modeling studies on the par-

ticle trapping process. The experimental part is devoted to the testing of the nebulization

as a particle loading method and aims: 1) to study the ef�ciency of a nebulization setup
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with different microparticles suspensions; 2) to investigate the nebulization process using

the high-speed camera and determine the particle launching velocity, which is an impor-

tant parameter for particle trapping. The experimental work is preparatory and does not

include magnetic trapping itself.

The modeling part focuses on the numerical simulation of horizontal magnetic traps. The

objectives of the modeling part are: 1) to simulate the magnetic traps of different ge-

ometries; 2) to �nd out whether they are capable to stably trap a particle; 3) to compare

characteristics of the studied magnetic trap con�gurations.

1.3 Structure of the thesis

Chapter 1 is a brief introduction to the topic, providing background and motivation. Chap-

ter 2 starts with a micromanipulation methods description, continues with comparison

of various levitation strategies, then provides a levitodynamics state-of-the-art review to

show why levitated particles are attractive to researchers, and lastly covers the particle

loading techniques. Since this thesis is devoted to magnetic traps, the manipulation by

magnetic �elds is presented in more detail. Chapter 3 describes an experimental testing

and analysis of a nebulization loading procedure. Chapter 4 is devoted to a compara-

tive numerical simulation study of different magnetic trap con�gurations. Discussion and

further plans are given in chapter 5. Finally, the results are summarized in chapter 6.
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2 LITERATURE REVIEW

2.1 Micromanipulation overview

Manipulation, structurization and examination of microparticles can be performed using

magnetic [19–21], optical [4, 22, 23], acoustic [10–12] or electric �elds [7–9] (see

Fig. 1). This section brie�y introduces the general concepts of micromanipulation.

Figure 1. Principles of micromanipulation with optical, magnetic and acoustic �elds. (a) Schemat-
ics of an optical tweezers' working principle. When the gradient force dominates, a microparti-
cle is trapped in a focal point of a tightly focused laser beam [22]. (b) Magnetophoretic-based
pick-and-place approach with a sharp electromagnetic needle. Magnetophoretic force FM is indi-
cated [24]. (c) Non-contact based trapping and positioning approach with negative magnetophore-
sis. A particle with magnetic susceptibility� p is trapped by "micro-pen" in a paramagnetic �uid
with magnetic susceptibility� s > � p. The plot under the "micro-pen" illustrates the �eld strength
pro�le along horizontal direction [25]. (d) Upper part: a numerically modelled acoustic �eld with
a trapped particle indicated. Lower part: a set of acoustic wave generators produces the acoustic
�eld inside a micro�uidic chamber. The microparticle (red dot) can be precisely manipulated in
three dimensions [12].

In 1970s A. Ashkin proposed a novel method for the transparent microparticles' manip-

ulation by the focused laser beam, which is known nowadays as “optical tweezing” [4].

Since then, various laser trap con�gurations have been developed and widely used for

particles' handling [26]. In optical tweezers, the gradient force and the scattering force

(which results in radiation pressure) balance each other to trap a microparticle in 3D (see

Fig. 1(a)) [27]. Note, that the refractive index of the particle should be signi�cantly differ-

ent from the refractive index of the surrounding medium due to the relationship between
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gradient and scattering forces [28]. Optical micromanipulation is used for diverse studies

from biological [22,23] to fundamental quantum mechanics [29].

Analogous to optical tweezing term, the method named magnetic tweezing was devel-

oped [20, 30, 31]. The magnetic tweezers operate with paramagnetic or ferromagnetic

particles (positive magnetophoresis), as well as with non-magnetic particles (negative

magnetophoresis) [21]. For example, Cenev et al. [24] demonstrated pick-and-place se-

lective micromanipulation where a magnetic particle is picked by a magnetophoresis,

transported with a motorized 3D nanopositioner, and placed on the substrate by a con-

tact (see Fig. 1(b)). This technique enables one to create highly customized 2D and 3D

patterns. Also, a negative magnetophoretic tweezers con�guration to manipulate the non-

magnetic colloids was suggested by Timonen and coauthors [25]. Note, that the target

particles were immersed in a liquid with the matched refractive index, when an optical

trap is inapplicable. Being magnetized by an external electromagnet, the manipulating

“micro-pen” produced a local magnetic �eld minimum under its tip where a particle could

be trapped (see Fig. 1(c)). The suggested magnetic tweezers were tested in both contact

and non-contact trapping con�gurations

Another micromanipulation tool is “acoustic tweezers”, which utilizes sound waves to

control microparticles' motion. For example, Guo et. al. [12] proposed a “standing sur-

face acoustic wave (SSAW)” method to manipulate a single cell inside a micro�uidic

chamber. They used a set of SSAW-generators to produce a controllable volumetric trap-

ping nodes (Fig. 1(d)).

Finally, there is also a way to manipulate microscopic objects via electric �elds. Partic-

ularly, dielectrophoretic trapping utilizes placed on electrodes oscillating electric �elds

(AC �elds) to manipulate cells [32–34]. Adjustable electrode con�guration allows to pat-

tern either individual cells or their large groups. In positive dielectrophoresis cells move

towards the electrodes and, oppositely, negative dielectrophoresis pushes manipulated ob-

jects away from electrodes [32].

2.2 Levitation mechanisms

Examples described above include operating in liquids or contact manipulation when a

targeted particle is in close proximity or in contact with the substrate or manipulator's tip.

This section focuses on the levitation in air or vacuum as more speci�c type of contactless

micromanipulation. The working principles of optical, magnetic, acoustic, or electrical
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traps are analogous to ones provided in section 2.1, however, they have different charac-

teristics and limitations which are compared in this section.

2.2.1 Optical trap

The optical levitation mechanism is not suitable for all objects. To be optically trapped,

the particle must be dielectric and larger than a few nm in size. Common dielectric materi-

als that can be levitated in optical traps are silica, silicon, diamond with nitrogen-vacancy

(NV) center or vaterite. The material of the particle should have very low absorption at

the trapping wavelength to prevent heating. Moreover, besides the optical absorption, the

levitated particle is heated due to the transfer of momentum from photons (photon shot

noise), so cooling is required [29]. In addition, cooling helps to prevent losing the particle

due to the radiometric forces effect from the intense beam [17]. The typical oscillation

frequencies of trapped submicron particles are 100-200 kHz [17], the minimal reported

frequency is 20 Hz for 20� m silica particles in vacuum [35]. The typical trap depth is

estimated as 107 K (� 10-16 J) [17].

2.2.2 Magnetic trap

Magnetic traps usually consist of permanent magnets or their combination with pole

pieces, which produce an inhomogeneous magnetic �eld with a magnetic �eld minimum

spot. A diamagnetic particle can be stably trapped in this spot. Unlike active magnetic

micromanipulation methods, covered in section 2.1, this approach implies more spatially

“stational” trapping. Magnetic traps are suitable for work with particles from 100 nm to

mm scale in size [29] and, unlike optical or ion traps, can levitate opaque or uncharged

objects. They utilize static magnetic �elds, do not require any active energy supply and

free from electrodynamic noise. In addition, no high-intensity lasers are used, so an

overheating problem is eliminated. The trapping frequencies are typically low, less than

100 Hz.

Magnetic traps of various designs have been recently developed. Hsu and coauthors [18]

proposed so called “linear quadrupole magneto-gravitational trap” [17], consisted of two

permanent magnets coupled with four pole pieces to concentrate the magnetic �eld (Fig. 2(a)).

Successful levitation of 1� 8 � m silica microspheres and 3.5� m nanodiamond clusters

with NV centers was reported.
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In Houlton's work [16] an axisymmetric magnetic trap was designed and fabricated. The

trap involved a permanent magnet with two pole pieces (Fig. 2(b)). In general, particles

1� 100 � m in diameter were routinely trapped. The levitated particles oscillated at fre-

quency of 30 Hz in vertical direction and at 25 Hz in radial directions. An escape energy

was estimated as 10-15 J for 10� m in diameter GaN particles. Authors reported the stable

levitation both in air and in high vacuum for time periods up to weeks.

Figure 2. (a) Schematic of a “linear quadrupole magneto-gravitational trap”. The �gure is adapted
from [18]. (b) Schematic of an axisymmetric magnetic trap [16]. The top pole piece contains a
bore-hole for the particles loading by dusting the desired material from the top. The image is
adapted from [17].

2.2.3 Acoustic trap

First of all, acoustic levitators work in air (or �uids), not vacuum. However, acoustic

traps can levitate non-magnetic and non-conducting materials [10]. Typical operating

frequencies are in a wide range of kHz–GHz [36], which allows manipulation of diverse

sized particles. For example, groups of gas molecules (krypton, carbon dioxide) have

been trapped [37]. On the other side, Xie and Wei [38] reported levitation of 2 mm

polymer spheres and even achieved a stable trapping of high-density material (tungsten,

18.92 g/cm3).
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2.2.4 Electrical trap

Ion traps use the time-averaged potential of AC �elds in combination with static electric

�eld (DC �elds) to hold charged particles in air or vacuum [29]. Paul trap is a type of

ion trap named after W. Paul, developed this device in 1950s [7]. Ion traps are capable to

levitate a wide range of objects from sub-nanometric to 100� m in size. Typical materials

are silica, polystyrene, diamond; trapping of cells and aerosols is also possible [39]. How-

ever, all levitated particles must be charged. Ion traps provide extremely deep potentials

100-1000 times deeper than trapping potentials in optical tweezing, which allows con-

�nement in ultrahigh vacuum [9, 29]. Levitation area is� 1 cm3, comparing to� 1 � m3

for optical traps. Lasers are also used in the electrical traps con�gurations to probe a

movement of a levitated particle, but the probing optical �elds are weaker than trapping

�elds in the optical tweezing [9]. The trapped particle oscillates within the trap at the

same frequency as the applied AC �eld. A Paul trap is usually driven at radio frequencies

(RF) and referred as a RF trap.

Since a Paul trap is much stronger than other traps, it can be used as a pre-trapping system

to simplify the loading process into a trap of a different type. Such an example is provided

in [40], where large microspheres (25-63� m) are loaded into a magneto-gravitational trap

(modi�ed version of the trap shown in Fig. 2(a)) using an AC quadrupole trap. Simulta-

neously, constant voltage (DC) was used to help center and hold particles. Voltages were

applied between the pole pieces, separated by� 250 � m in x direction and� 650 � m in

y direction (see Fig. 2(a)). Typical parameters are 500 VAC amplitude at 300 Hz, and

20-35 VDC for the largest trapped particles.

2.3 Levitodynamics applications

When the size of the levitated particle decreases to a micron or submicron level, an emer-

gence of quantum effects is possible. This emergence gives the rise of a new discipline

called the levitodynamics which aims to study transitions from classical to quantum me-

chanics, as well as to investigate microscopic thermodynamics and to create extremely

sensitive force detectors. This section does not claim to cover all possible applications

but provides several interesting examples from various branches of physics.



14

2.3.1 Highly sensitive detectors

Extreme isolation of a levitated objects from environmental noises gives advantages when

using such a system for a high-sensitive detection. During the last decade more than 15

papers on force and acceleration precise measurements by different optically levitated

systems were reported (see Fig. 3) [26]. The is a huge improvement in sensitivity (1-2

orders of magnitude) observed since 2014 until now. For example, precise (with sensitiv-

ity � 10-17 N � Hz� 1=2) measurements of electrostatic forces between gold-coated silicon

beam and levitated by an optical trap dielectric microsphere were reported by Blakemore

et al. (Fig. 3(a)) [41].

Figure 3. (a) Left image: gold-coated silicon beam and an optical trap (red cones) with levitated
microparticle, surrounded by shield electrodes. Right image: a close-up view into the trapping
region with the gravity direction indicated [41]. (b) An example setup for the short-range gravity
force tests. A nanosphere trapped in a cavity optical trap interacts with an oscillating patterned
mass [26].

Such a high sensitivity obtained by optically trapping systems allows their implementa-

tion for the checking of the fundamental forces laws. For example, there is a modi�cation

term in the Newton's gravity law at� m distances. However, experimental measurements

at short distances are dif�cult, since the tiny gravity-strength interactions can be eas-

ily overwhelmed by background noise (vibrations, charge patches disturb, the Casimir

force and others). Besides the mentioned high sensitivities achievable, a levitated micro-

sphere is bene�cial because its charge can be precisely controlled. Moreover, an optically

levitated system allows �exible positioning of shielding electrodes and attractor masses

around the sphere. Fig. 3(b) provides an example schematic of an experimental setup for

the precise short-range Newton's law measurements [26].
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2.3.2 Rotational dynamics of levitated objects

The variety of levitated objects is not limited by spherical shape and includes also cylin-

ders or ellipsoids. Usually, the nano- and microspheres are used to investigate the center-

of-mass (translational) motion, while rods, discs or dumbbells are bene�cial to monitor

the rotational motion. Rotation can be subdivided into libration, spinning and orbiting

(Fig. 4(a)) [27].

The interaction of the rotating particle with the trapping light �eld or with the surround-

ing medium determines the possible applications. Namely, the studying of the particle's

rotation induced by the light allows to reveal the characteristics of non-trivial optical

�elds [42,43]. In gaseous environments, the temperature and viscosity measurements can

be provided using the rotating object [44, 45]. Moreover, in vacuum the levitated rotor

can be used to transfer the energy of a thermal bath into a rotational energy (autonomous

heat engine) [46].

There is also an example of the rotating object application based on another levitation

principle. Shimokawa et al. [47] developed a friction-free viscometer based on the mag-

netic levitation phenomena. The probe graphite-aluminum disc was diamagnetically lev-

itated above the permanent magnet and freely rotated around its central axis by elec-

tromagnetically induced torque (Fig. 4(b)). Since there was no mechanical friction, the

sensitivity of the method achieved values in the order of� Pa�s.

In addition to examples from the section 2.3.1, optically trapped rotors can be utilized

for the precise force measurements. Analogous to the Cavendish torsion balance known

since the 18th Century, a torsion balance on the base of a levitated particle was developed

(Fig. 4(c)). The particle is trapped by the linearly polarized light. If an external force

rotates the particle, it can be probed by the polarization of the optical trap [27].
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Figure 4. (a) Schematics of rotation types [27]. (b) Schematic of a diamagnetically levitated
viscometer. The rotational speeds of the driving magnet (
 M ) and the graphite disc (
 d) are
denoted [47]. (c) Cavendish torsion balance (top) and optically trapped object acting as a levitated
torsion balance for the precise force measurements (bottom) [27].

2.3.3 Microscopic thermodynamics

Levitated nanoparticle is a good object for studying non-equilibrium physics and thermo-

dynamics. In modern optomechanical experiments in high vacuum the trapping optical

�elds are set very precisely which allows a �exible control of the optical forces acting on

the particle. Moreover, an environmental in�uence on the levitated object can be experi-

mentally controlled (for example, by changing the vacuum level in the system or apply-

ing external �eld). The particle motion can be registered with high spatial and temporary

resolution. Therefore, the study of Brownian motion of a single levitated particle with

controlled environmental impact is possible [48].

2.4 Particle loading techniques

A particle loading means a particle delivery into a trap. Some of the possible loading

methods were already mentioned in the previous sections (the particle dusting in sec-

tion 2.2.2 and the ion trap assisted loading in section 2.2.4). In addition, the descriptions

of other loading techniques, subdivided into dry approaches and spraying, are provided in

this section. Two examples are shown in Fig. 5.
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Figure 5. (a) Illustration of a jet nebulizer working principle. The image is adapted from [49]. (b)
Diagram of a LIAD procedure. A pulsed laser generates an acoustic shockwave to desorb particles
from a foil substrate. Insets: SEM images of the foil substrate surface with deposited nanoparticles
before (top) and after (bottom) the desorption procedure [50].

The most common and simple approach is a nebulization. In this method, a suspension

containing desired micro- or nanoparticles is sprayed via a nebulizer into the trapping

area. There are two types of nebulizers: jet nebulizers and ultrasonic nebulizers. Jet

nebulizers use a compressed air �ow passing through a nozzle at 4-7 L/min speed to

create a low-pressure area at solution channel (Fig. 5(a)). Therefore, the solution lifts

towards the nozzle and gets broken apart into droplets by the �ow. The big droplets are

trapped out by a rotating baf�e, and the resulted output spray consists of tiny micrometer

droplets, containing particles [51]. Ultrasonic nebulizers utilize a vibrating piezo element

to break the solution into droplets by pushing it through a mesh [52].

In dry techniques, the targeted particles are released from a substrate. However, there are

van der Waals forces acting on the tiny particle and sticking it to the surface. This force

measured for 1� m silica particle on a glass surface is FvdW=176 nN, while the gravity

force for the same particle is� 0.1 pN. Therefore, the gravity force is not enough to release

the tiny particle from the substrate, and the additional force must be exerted. One of the

solutions is a piezoelectric transducer. It suits well for microparticles but fails for the

nanosized objects. The smallest particles which have been released by the transducer are

� 150 nm in radius [52]. This limit can be overcome by creating an acoustic shockwave on

the substrate via the laser-induced acoustic desorption (LIAD) method (Fig. 5(b)) [50]. In

this approach, SiO2 nanoparticles of radius 150 nm were deposited on an Al foil substrate.

Then, a pulsed Nd:YAG laser, focused on the backside of the foil, generated an acoustic

shockwave to release the nanoparticles from the front side of the foil towards a trap.
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3 PART I: EXPERIMENTS ON AEROSOLIZATION OF

MICROPARTICLES

In this chapter experimental studies on nebulization as a loading technique are provided.

Experimental details regarding particles suspensions preparation, nebulization protocol

and sample characterization by optical microscopy are described. Also, a real-time high-

speed imaging of the produced droplets is demonstrated and discussed.

3.1 Preparation of the suspensions

We studied �ve commercially available aqueous suspensions of spherical polymer and

silicon dioxide particles 1.5–5.2� m in size (see Table 1). These particles were chosen

as potentially capable to be trapped into a magnetic trap, since they are diamagnetic and

micro-sized. The initial suspension concentration was expressed in terms of mass per

volume (particle mass concentrationcm), but it was converted into particles per volume

units (particle number concentrationcn) to make the analysis easier. For this purpose, the

following formula was used:

cn =
cm

m
=

cm

� � V
=

6 � cm

� � � � d3
; (1)

wherem, V, � andd are particle mass, volume, density, and mean diameter, respectively.

Table 1. Parameters of the suspensions used in the experiments.

Notation Material d, � m � , g � cm� 3 cm, mg� ml� 1 cn, ml-1

S1 silicon dioxide (SiO2) 1.5 2.00 50 1.4�1010

S2 polymethacrylate (PMA) 4 1.25 100 2.4�109

S3 polystyrene (PS) 4.8 1.05 10 1.6�108

S4 PS 5 1.03 25 3.7�108

S5 PS 5.2 1.05 40 5.3�108

For each type of particles S1–S5 four suspensions with varying concentrations were pre-

pared, namely containing7 � 106, 1:4 � 107, 7 � 107 and1:4 � 108 particles per milliliter.

The range of the concentration values was limited to the concentrations of the initially

available suspensions and set in accordance with convenience of the diluting. Firstly, the
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dilution ratios of the original suspensions to water were calculated to obtain1:4 � 108 ml-1

suspensions for each type of particles. In order to prepare the diluted suspension, the re-

quired amounts of the original suspension and distilled water (Merck Millipore Direct-Q

3 UV water puri�cation system) were added in a glass vial with a micropipette. Sec-

ondly, the prepared suspensions were successively diluted two and ten times to obtain the

remaining concentrations. Every vial was shaken for several seconds to mix the compo-

nents more effectively.

It should be mentioned that the used suspensions were unstable meaning the suspended

microparticles got eventually settled if left unperturbed (see Fig. 6). However, the roughly

estimated sedimentation speed was low enough to consider the suspension uniform during

the nebulization time.

Figure 6. Photographs of the studied suspensions under different conditions: (a) the suspensions
with microparticles settled in the bottom, (b) the suspensions after shaking with microparticles
uniformly distributed in the volume, (c) the same suspensions 30 minutes after shaking.

3.2 Nebulization procedure

The nebulization of the prepared suspensions was performed using a jet nebulizer OM-

RON NE-C900. An experimental setup is shown in the Fig. 7. A nebulization kit was

connected through an air tube to the compressor. According to the speci�cations, com-

pressor output was 100 kPa and an air�ow was approximately 7 L/min. Produced by the

nebulizer mist was delivered through the home-made pipes attached to the nebulization

kit output and came out of the nozzle. In order to estimate the particles output, a micro-

scope glass slide was put in the sample holder mounted above the nozzle. We assumed

this arrangement would lead to the deposition of coming from the nozzle microparticles

onto the glass surface. Therefore, the calculation of the particles surface concentration

would allow to estimate the number of outgoing microparticles.
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Figure 7. Photograph of a nebulization experimental setup. Nebulized mist containing micropar-
ticles is delivered through the pipes and deposited onto the glass slide. Detailed view of (a) a glass
slide with visible round trace of the deposited mist and (b) the nebulization kit attached to the pipe
is provided in insets.

The typical nebulization procedure was performed accordingly to the following steps:

1. 2 ml of pre-prepared suspension was poured into the nebulization container using a

micropipette. A glass vial with the suspension was shaken beforehand to make sure

that the particles were distributed uniformly in the volume.

2. A microscope glass slide (VWR 631-1552) was wiped with ethanol (70%) and put

onto the sample holder. The sample holder was �xed at 10–40 mm distance above

the nozzle.

3. The nebulization session was carried out for 60 seconds in total by turning on/off the

compressor. During the nebulization process, the round trace of the deposited mist

(a nebulization spot) was clearly distinguishable (see Fig. 7(a)) and disappeared in a

few seconds after turning off the compressor. The borders of this spot were marked

by marker to indicate the area where particles could be deposited.

4. A 20� l “reference” droplet of the used suspension was dispensed with a micropipette

onto the glass surface, and its area was marked by marker. This was made as an ad-

ditional check to compare an estimated total number of particles on the surface (in

the dried droplet) with an expected number.
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5. After the sample preparation the nebulization system was cleaned as follows:

(a) the rest of the used suspension was removed from the container, and the neb-

ulization kit parts were cleaned with distilled water using a wash bottle;

(b) distilled water was added to the container and nebulized for 120 seconds to

clean the pipes;

(c) the nebulization kit was temporarily detached, and the air tube from the com-

pressor was directly connected to the pipe to blow out the residual liquid from

the pipes for 120 s.

6. The whole procedure was repeated for each new sample.

Finally, a safety issue is covered in this section. Since an inhalation of aerosolized mi-

croparticles and tiny droplets, containing them, is potentially harmful, some safety mea-

sures should be undertaken. Therefore, a 3MTM Reusable Half Face Mask 7500 Series

with 3M 6035 �lters (protection level P3 R99:95%, effective against solid and liquid

particles) and safety glasses were worn during the nebulization process. Also, Thermo

Scienti�c HPH 12 HERAGUARD laminar �ow cabinet with a suitable air �lter (HEPA

H14 EN 1822) was used to clean the air. Moreover, after the whole nebulization session

the surfaces where excess particles might settle were wiped to remove the residue and

prevent its possible contact to skin.

3.3 Samples characterization by optical microscopy and image pro-

cessing

Surface of the obtained after the nebulization samples was investigated using a Leica

DM4500 P optical microscope. Images were captured by a digital microscope camera

Leica DFC420 with a 5-megapixel CCD, which was connected to a computer with Leica

LAS v4.13 software installed. Since the samples were transparent, transmitted illumi-

nation and bright �eld contrast method were used for observation. S1 samples (particles

1.5� m in size) were examined using a 40x objective (Leica HCX PL FLUOTAR 40x/0.75

POL) and for S2-S5 samples (particles 4–5.2� m in size) a 20x objective (Leica objective

N PLAN H 20x/0.40) was utilized. Each sample was placed onto a mechanical stage for

the precise XY positioning.

Photograph of a typical sample is provided in Fig. 8(a). Areas of the nebulization spot

and the dried droplet spot were measured from a photograph of each sample captured by



22

a smartphone camera (16MP sensor, f/2.0 aperture). Calibration from pixels (px) to the

real spatial units (mm) was made using a ruler (see Fig. 8(b)).

The entire nebulization spot was examined to count the total number of absorbed mi-

croparticles (see Fig. 8(c)). Since there were quite a few nebulized particles on the sur-

face, the manual counting was feasible. Then, the total number of particles was divided by

the spot area to obtain a particle surface concentration. In case of dried 20� l droplet only

separate images (283� 212� m or 564� 423� m in size for S1 or S2-S5, respectively) were

acquired. There were a suf�cient number of particles, so their total amount was estimated

statistically.

Figure 8. (a) Photograph of a typical sample with marked nebulization spot and the dispensed
droplet, (b) calibration photograph with a ruler, (c) schematic of the nebulization spot where beige
arrows indicate an exemplary direction of observation, black dots represent microparticles (not-
to-scale).

Image processing was performed by the means of ImageJ software according to the fol-

lowing procedures:

1. Photograph of the overall sample processing:

Firstly, the scale was set, then areas of both spots were determined using oval and

polygon selection tools. Example of an overall sample calibration photograph is

shown in Fig. 8(b).

2. Microscopic image of the dried droplet spot processing:

Image was converted from RGB color to 8-bit type, and the scale was set. Then the
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threshold was adjusted via the menu commands “Image”! “Adjust” ! “Thresh-

old” to create an image mask. After that particles counting was performed by open-

ing an “Analyze Particles” window (“Analyze”! “Analyze Particles” commands),

typing a particle size range (0.1–In�nity) and selecting “Add to Manager” check-

box. As a result, a total number of particles in the image area (283� 212 � m or

564� 423 � m) was found and then a surface concentration of particles was calcu-

lated. One can see a typical microscopic image before and after the ImageJ pro-

cessing in Fig. 9.

Figure 9. Typical microscopic image of a region inside the dried droplet spot: (a) initial image, (b)
enlarged fragment of the processed image with numbers of counted particles indicated (screenshot
from ImageJ).

The total number of particles in the dried droplet spot could be roughly estimated by

multiplying the total spot area by the surface concentration of particles. However, it was

noticed that the particles were not evenly distributed over the entire spot but formed the

denser spot borders (see Fig. 10), which is known as the coffee-ring effect [53]. It was ad-

ditionally considered when calculating the number of particles to make the approximation

more accurate.
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Figure 10. (a) Photograph of the dried droplet with denser borders clearly visible, (b) microscopic
image of the droplet border.

3.4 High-speed camera imaging

We used a Photron APX RS high-speed camera to visualize a motion of droplets �ying

out from the nozzle, measure their velocities and study droplets behavior when interacting

with the glass slide. The camera was connected to a computer and controlled via PFV3

software (version 3691). Two optical con�gurations were implemented (Fig. 11). In the

�rst setup (Fig. 11(a)) the high-speed camera was coupled with Navitar 1-60123 0.7X–

4.5X adjustable zoom lens with coaxial light, and in the second setup (Fig. 11(b)) a 10X

or 20X objectives were used with a separate light source. For both cases Olympus ILK-7B

light source (12 V, 150 W) and a silver-coated 50.8 mm in diameter mirror (PF20-03-P01

Thorlabs) were utilized. Additionally, a red LED (M625L4, 625 nm, Thorlabs) was used

as an option for the second con�guration. The high-speed camera was placed onto the

stage movable both in vertical and horizontal (towards the nozzle) directions for adjusting

the focus. Calibration from pixels to millimeters was performed using a ruler for the �rst

setup or a calibration glass slide (1 mm Stage Micrometer R1L3S2P Thorlabs) for the

second setup. The image acquisition was performed at a frame rate of 3000–5000 frames

per second and a shutter speed 1/6000–1/10000 s.
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Figure 11. Two optical con�gurations for the nebulization process capture with (a) 0.7x–4.5x
adjustable objective and (b) 10x or 20x objective.

High-speed videos processing was done by the means of PFV4 software. Firstly, the

manual calibration based on obtained calibration images was performed, and a grid was

set. Secondly, a droplet size was measured via “Dimensions”! “Measurements”!

“Diameter” menu commands. Finally, a mean velocity of the droplet was calculated as

the ratio of the passed path to the spent time. The distance was found using the coordinates

of the initial and terminate points, time was �xed automatically by the camera. A typical

high-speed image with related �le information is shown in Fig. 12.
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Figure 12. Screenshot from PFV4 program as an illustration of the high-speed camera image
processing.

3.5 Results

3.5.1 Deposition onto a glass slide

Firstly, an experiment with varying distances (10, 20, 30 and 40 mm) between the nozzle

and the glass surface was performed to check if this factor in�uences the output number

of particles. An experimental data is provided in Table 2. There was not any signi�cant

change in the resulted concentrations observed. Hence, for all nebulization experiments

discussed below the 10 mm distance between the nozzle and the sample was kept.

Table 2. Data on the distance series experiments.

Distance 10 mm 20 mm 30 mm 40 mm
Total amount of particles in the nebulization spot 20 12 22 2

Total area of the spot, mm2 60� 5 105� 15 35� 7 20� 5
Surface concentration (Number of particles/mm2) 0.3 0.1 0.6 0.1

Then, we compared input and output surface concentrations of nebulized particles. The

comparison plots for all concentrations of S1-S5 suspensions are presented in Fig. 13.
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Figure 13. Comparative plots of the nebulization process input and output for S1-S5 types of
particles at different concentrations. “Input” values correspond to the expected concentrations of
particles on the glass surface based on the initial suspension concentrations. “Output” values mean
real measured surface concentrations.
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