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Abstract

Capsules of all sizes are used in engineering, scientific and pharmaceutical pur-
poses. They can function as sealed or porous compartments in order to regulate
material flow. In this thesis, the fabrication of porous spherical capsules with
diameters ranging from 0.4mm to 1.2mm is investigated. Soft capsules were
fabricated by making silicone oil droplets in castor oil, and covering the droplets
with 40 pm polystyrene beads utilising electrohydrodynamic effects. The beads
on the droplets were then sintered by heating to the glass transition temperature
of polystyrene, successfully fabricating rigid porous capsules encapsulating the
silicone oil droplet. The capsules were analysed in micropipette aspiration ex-
periments, where the capsules could be emptied by sucking the encapsulated oil
droplet out. The capsules were found to be remarkably rigid. Emptied capsules
were analysed in a scanning electron microscope, showing sintering necks with
cross sections between 7 pm and 19 pm.
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Sammendrag

Kapsler av alle stgrrelser brukes i bade vitenskapelige og medisinske omrader.
De kan veere enten forseglede eller porgse for & regulere materialstrgm. I denne
oppgaven blir konstruksjonen av porgse sfeeriske kapsler undersgkt, med diam-
etere mellom 0.4mm til 1.2mm. Myke kapsler ble lagd ved & lage draper av
silikonolje i kastorolje, for sa & dekke dem med 40 pm polystyrenkuler ved hjelp
av elektrohydrodynamikk. Kulene pa drapene ble sintret ved & varme opp til
glasstransisjonstemperaturen til polystyren, slik at harde porgse kapsler ble lagd.
Kapslene ble analysert i eksperimenter med mikropipetteaspirasjon, der kapslene
kunne bli temt ved & suge ut de innkapslede drapene. Kapslene var overrask-
ende sterke. Tomme kapsler ble analysert i elektronmikroskop, der det ble fun-

net at de sintrede nakkene mellom polystyrenkulene var mellom 7pm og 19 pm
brede.
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Chapter 1

Introduction

7> - %3 at the moment. Soft matter physics is the physics of materials held
W2 together by intermolecular forces of various origins, excluding metallic,
covalent, and ionic bonds. The field was pioneered by Pierre-Gilles de Gennes,
who was awarded the Nobel prize in physics for his contributions in 1991 [1].
Examples of soft matter include polymers, surfactants, liquid crystals, colloidal
suspensions, aerosols, emulsions, and foams [2]. The term “self-assembly” could be
self-explanatory, but since every natural formations by nature is “self-assembled”,
a more specific definition is needed. The definitions vary, one being that “self-
assembly refers to the spontaneous formation of organised structures through a
stochastic process that involves pre-existing components, is reversible, and can be
controlled by proper design of the components, the environment, and the driving
force” [3]. Both soft matter physics and self-assembly are exciting tools, as they
exploit some exotic properties in nature, making the research on the topics very
diverse, and the results useful for a wide range of technologies important to daily
life [4].

@Y OFT matter physics and self-assembly are very much hot topics in science
)

Capsules of all kinds are an integral part of our lives, finding their way into
many fields, such as chemical engineering, materials science, and pharmaceutical
and life science [5]. To fabricate capsules on a micrometre length scale, one can
no longer build them part by part, as the building blocks are too small, and
the forces between them too strong. This is where self-assembly comes into the
picture. By exploiting the physics of forces between particles in the micrometre
world, one can build the capsules by using nature as both the architect and
construction worker.

Such capsules can be used in a wide range of applications. Just as any other
capsules they can encapsulate materials, for example for drug delivery [6]. The
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capsules can also be covered in functionalised materials, such as magnets or
environment responsive polymers [7]. As capsules with different properties on
different sides can be tailored specifically for a cause, the potential possibilities
could be close to limitless [8].

Much work has already been done on making capsules, with numerous scientific
papers written on the fabrication of capsules in liquids, using techniques such
as double emulsions with a UV curable resin [9, 10], particle assembly with van
der Waals forces [11] and glass transition [12], gels [13], and chemical reactions
[14, 15]. A common denominator for these publications is that the diameters
of the capsules are smaller than approximately 200 pm for capsules fabricated
with particle assembly, while double emulsions allow for larger diameters. Many
are also completely covered, not allowing fluid flow through the shells, which
can result in bursting [16]. One reason for the small sizes for particle assembled
capsules is that most of the fabrication methods rely on Brownian motion for
the particles to assemble on the surfaces of a droplet, which is only achievable
for small length scales if the layer is to assemble during a normal workday. The
mean time to diffuse over a distance increases with the square of the distance,
and thus what only takes a minute to happen across a micrometre, takes well
over a year across a millimetre. Therefore, some form of external influence has
to be applied to the system.

This external influence is, in the case of this thesis, an electric field, which is
applied across a sample cell, allowing the assembly of the shell to happen in
minutes. In the presence of external influences, we now speak of dynamic self-
assembly [3]. But the definition of self-assembly stated that the process had to
be reversible, which for a product like a capsule sounds like a bad idea, as we do
not want the capsules to dissolve by themselves at arbitrary times. Therefore,
after the particles have assembled on the surface of the droplet, heat is applied
to the system, such that the particles can be fused together, forming a rigid,
non-reversible, shell. Then the capsules can encapsulate their contents, and
be destroyed, releasing what is inside them when we want them to, either by
acoustic vibrations, chemical dissolving, external fields, melting, or more [17]. By
sintering small microbeads at the glass transition temperature instead of melting
them completely, the capsules allow fluid flow through them, without deforming
or bursting, and still keeping hold of the contents inside, as long as they are
larger than the biggest hole in the capsule, which for perfect hexagonal packing
is approximately 0.1547 times the capsule bead size.

Here in this thesis, a way of fabricating millimetre-sized capsules with dynamic
self-assembly of particles is presented, using electrohydrodynamics to propel
40 um polystyrene microparticles from inside a droplet to the surface, where
a shell is assembled, and thereafter sintered, utilising the glass transition of
polystyrene. The sintered capsules could then be analysed with optical mi-



croscope, emptied for oil and crushed, or dried and analysed with a scanning
electron microscope.

The thesis is divided into six chapters, including this one. In the following chap-
ters, the theory behind the capsule fabrication process will be introduced, then
the methods used will be explained, followed by a presentation of the results, a
chapter for discussing the methods and results, and finally a conclusion with a
summery and suggestions for further work.



1 Introduction




Chapter 2

Theory

Our universe obliges to some fundamental rules. Here, we will look at some
phenomena and models that will be important for interpreting the results of this
work. The models differ, as the science has improved through the years, with
varying grade of approximations, assumptions, and accuracy.

2.1 The micrometre length scale

The length scales of the universe, and all the matter that it contains, are widely
varying. From the diameter of an atomic nucleus (1071 m), to the diameter of
the observable universe (102" m), different forces dominate the different length
scales. For this thesis, the length scales that will be examined is roughly a
micrometre to a millimetre (10~ m to 1072 m). Most of the physics will happen
in a sample cell, making the forces interacting between the fluids and solids the
most prominent.

The dimensionless Reynolds number

ul,  ulL
Re = 24~ = ™2 (2.1)
I v
predicts how the flow is going to be, with p being the fluid density, u being the
characteristic velocity, L the characteristic length, u the dynamic viscosity (units
Pas), and v = £ the kinematic viscosity (units m?2s~1) [18].

For a droplet with diameter of a millimetre, moving at a velocity of a millimetre
per second through a fluid with a kinematic viscosity of 0.001m?s~! (1000 cSt),
which is the system that is to be examined in this thesis, the Reynolds number
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is on the order of Re ~ 1073 « 1. With such a low Reynolds number, we are
well into what is called the laminar regime, where inertial effects are negligible.

The intermolecular forces, such as the van der Waals forces and native electro-
static forces (as opposed to those from applying an external electric field, as will
performed later) do not act above ranges of roughly 100 nm, and thus are only of
importance when objects in the sample cell are in contact with each other. For
any other situation, the intermolecular forces are negligible [19].

We will here in this thesis encounter several quantities that scale with the length
with different powers. Examples are capillary forces (L!), drag from fluid flow
(LY), diffusion (L?), and gravity (L3). As the quantities scale with different
powers of the length, different particle sizes will not behave the same way in the
sample cell, so while a result is found to be true for one particle size, changing
the particle size can lead to a different result, even though the particle size is
only halved or doubled.

2.2 Surface tension

The constituents of a liquid, the molecules, are in a condensed state where the
molecules attract each other. For a liquid, this attraction is stronger than the
thermal agitation [20]. While molecules completely covered by other molecules
(i.e. inside the liquid) have equal attraction from all sides, molecules at the
surface only get attracted by the molecules beneath (assuming vacuum, air, or
another medium with negligible interaction on the other side), as shown in figure
2.1.

The cohesion energy per molecule, which for a covered molecule would be U, is
for a molecule at the surface only U/2. This energy discrepancy is the source
of the surface tension v, which is on the order of v ~ U/(2a?), where a is the
molecule size, and thus a? is the molecule area. The stronger the molecule
interactions, the stronger the surface tension. I.e. one must do more work to
overcome the molecule interactions to change the surface area of the liquid [3].
The surface tension is measured in joule per square metre (Jm~2), or equivalently
newton per metre (Nm~1). The surface tension for many liquids, like oils and wa-
ter, is typically in the range 10 mN m~! to 100 mNm~! at room temperature [21].

A more formal definition of ~ is that the surface tension is the derivative of
the Helmholtz free energy F at the interface, with respect to the interface area
A, with constant number of particles N, volume V and temperature 7' |20,

6



2.2 Surface tension

gas

K
x/l\t

P
@)

Figure 2.1: A sketch of the origin of the surface tension, showing the
attractive interactions of two molecules: one completely inside the liquid,
and the other at the surface. Here, the interaction between a fluid molecule
and gas molecule is considered negligible. Figure inspired from [20].

22]:

8.7-')
y=|= . 2.2
(52 v @2

When droplets of two non-miscible liquids A and B are in a host medium C,
three stable systems can form, depending on the interfacial tensions:

(a) the droplets are separated by the host medium, occurring if

YAB > YAC T VBC; (2.3)

(b) one liquid can completely engulf the other, occurring if

YAC > YBC +YAB O  YBC > YAC + YAB, (2.4)

where B covers A in the first case, and A covers B in the second case, or

(c) the droplets form a partial engulfed pair, if none of the inequalities 2.3 and
2.4 are satisfied [23|. These three cases are shown in figures 2.2a, 2.2b, and 2.2c,
respectively.

(a) (b) (c)

Figure 2.2: The three possible conditions for three non-miscible liquids A,
B, and C. The condition depends on the interfacial tensions.



2 Theory

Such a system of three liquids is described by the contact angle 0, which is the
angle between the tangents of the fluids A and B at the contact point of A, B,
and C, if it exists. The angle 0 is defined by Young’s relation [20]

YAc cosg = YBc — VAB, (2.5)

and can have any value between 0° and 180°. Equation 2.5 is derived from the
balancing of the x-components of the interfacial forces from the surface tensions
appearing in a three-phase solution, as shown in figure 2.3. If B has an infinitely
large surface, like for a droplet A on a solid surface, and C being air, we have
a droplet on the surface, and then a contact angle 0° represents total wetting
(liquid A forming a thin film on B) and 180° represents a hydrophobic surface B,
as A forms an undeformed spherical droplet, resting on B. For any other value
in between, the droplet is in a partially wetting situation, as shown in figure
2.3.

YAC

Figure 2.3: A sketch of a droplet of fluid A on a large flat solid surface
B, in a host medium C. The arrows show the direction of the interfacial
forces, with the contact angle 6 defined by equation 2.5. Figure inspired
from [24].

2.3 The dielectric sphere model

A droplet immersed in a liquid affects the E-field around it, as the droplet becomes
polarised. To calculate the polarisation of droplets of an insulating oil when
embedded in another insulating host fluid, we first start with finding the E-field
for a solid dielectric sphere in a dielectric medium. This derivation is inspired
from David J. Griffith’s “ Introduction to electrodynamics” [25].

When the applied E-field is homogeneous, the potential V is related to the electric
field E by the equation
E=-VWV. (2.6)

Gauss’ law, also known as Maxwell’s first law, states the relation between the
E-field, electric charge distribution p, and vacuum permittivity €g, as

v.E=2. (2.7)
€0



2.3 The dielectric sphere model

As there are no free charges on the surface of a dielectric sphere (p = 0), we get
that
V2V =0, (2.8)

which is known as Laplace’s equation.

With boundary conditions given by continuity at the boundaries, for a sphere
with radius R and applied external electric field Eg, the boundary condition
equations for the system become

Vin = outs at r = R, (29&)

oV V.
i = Cout 5 at r =R, (2.9b)
Vout = —|Eo|r cos b, for r > R, (2.9¢)

where r and 6 are the polar coordinates, with r being the distance from the
centre, and 6 being the angle between the position vector and the direction of
the electric field Eg.

We define €, = €, /€out, 1.. the ratio between the permittivities inside the sphere
and in the host medium. Here, €, and €., are absolute permittivites with units
Fm™!, as opposed to the often used dimensionless relative permittivites, which
are defined by the ratio of the absolute permittivity to the vacuum permittivity.
As we are here just using the ratio between the permittivities, it does not matter
if we have the factor €y or not in our permittivities, but we will later encounter
equations where it absolutely does matter.

Using the previously defined €, and the boundary conditions from equation set
2.9, the solution for the electric field inside the sphere becomes

(2.10)

In other words, the field inside the sphere is uniform. Further, the potential
outside can be found to be

e —1 FEgR3cosf
&+ 2 r2 ’

Vout (r,0) = —Eqrcos + (2.11)
and is the superposition of the potential from the external field and the induced

dipole potential. From equation 2.6, we then get the electric field outside to
be

=1 0
Eoy = | Egcosf+ 22— R3E, 7 ) ¢
€ + 2 r3
(2.12)

. & —1 5 cosf\ ~
+(—Eosm9—|—6r+2R FEy 3 >9.
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In total, the electric field in and around the dielectric sphere as described from
the equations 2.10 and 2.12 is shown in figure 2.4.

>>W
i

Figure 2.4: Electric field in and around a dielectric sphere in a homoge-
neous external field, as described by equations 2.10 and 2.12, with ¢, = 3
in this example. The electric field is directed from left to right.

The polarisation charge on the sphere surface is given by the induced potential
part of equation 2.11. The dipole moment p for a general dipole field is found in
the equation

|p| cos 6
V= pr— (2.13)
and thus, we get that
r—1
p= 47T60E - 5 *Eo. (2.14)

Since the total polarisation P for the sphere is given by the density of the dipole
moment, we have

1
SR, (2.15)

P= =3
%TFRS €0€r+2

10



2.4 The perfect dielectric model

and as P and Eg are parallel, we get a surface charge on the sphere as g, = P -1,
and further ¢, = |P|cos#@, or in its expanded form [26]:

e — 1
€+ 2

ab = 3¢ Eycosb. (2.16)
The subscript in g, denotes that these are bound charges. The polarisation comes
from the small displacement of the positive and negative charges in the atom from
the electric field, creating a small dipole moment in each atom, which in total
becomes the polarisation P. The charges do not escape from the atom (unless the
electric field is strong enough to ionize the atoms), but all the charges are slightly
shifted in the material, so that a surface charge equal to ¢, appears.t

2.4 The perfect dielectric model

While the results from section 2.3 are simple in their form, they are only for a
solid dielectric material with only electrostatic interactions with the dielectric
host medium. The dielectric model is based on Gauss’s law (2.7), which was first
formulated in the 18" century.

Much later, in 1953, the perfect dielectric model was developed by O’Konski
and Thacher, predicting the fact that droplets would deform under an electric
field [27]. They derived an equation for the distortion for liquid aerosol droplets
under an electric field, valid for static fields in insulating media when the droplet
eccentricity (and thus deformation) is small. The equation,

V oufi/y (2.17)

= 3Ep|€in — 0
e ole €out| 2 (cont + 261m)

gives the droplet eccentricity e as a function of the field strength Fy, permittiv-
ities €, and eoy, radius R of the un-deformed droplet (when e = 0), and the
interfacial tension between the droplet and the medium ~. The droplet is then
always elongated in the direction of the field (i.e. with the semi-major axis a
along the electric field direction and semi-minor axis b normal to the field), as
long as the host fluid can be regarded as a perfect dielectric, whether the droplet
permittivity is greater or less than the host fluid permittivity. Figure 2.5 shows
this situation. Note that the eccentricity is exaggerated.

The eccentricity is here defined as

b2
e=11- (2.18)

IFor more on this topic, see chapters 4.2.1 and 4.2.2 of [25].

11
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Figure 2.5: Schematics of a deformed drop, with the applied E-field parallel
to the semi-major axis a, and thus normal to the semi-minor axis b. The
eccentricity e is defined according to equation 2.18, and R = a'/3b*/3 for
a prolate spheroid. In this figure the eccentricity is greatly exaggerated,
as it is 0.6 in this image; far out of the “small ¢” regime assumed for the
derivation of equation 2.17.

for b < a, by the definition of the semi-minor and semi-major axes. Another often

used parameter for the droplet oblateness is the droplet deformation parameter
D, defined as

_d-ds

dy+dy’

with d and d, being the lengths of the droplet, parallel and perpendicular to
the electric field respectively. As the semi-major axis ¢ and semi-minor axis b are
half that of d| and d for a prolate drop (that is, when dj > d, as opposed to an
oblate drop for when d > d_ ), we can find the relation between the eccentricity
and drop deformation to be

(2.19)

D_l—\/l—e2
1+ V1—e?

e= 1<1+g>% (2.21)

For the small e limitation, we can approximate D to be D ~ ieQ, and thus, from
equation 2.17, get the expression for the droplet deformation parameter for small
deformations as

(2.20)

or reversibly,

B geoutREg (e — 1)2
16 v (e + 2)2

(2.22)

An understanding of why the droplet is deformed, as described in both equation
2.17 and equation 2.22, comes from the surface charge described in equation

12



2.5 The leaky dielectric model

2.16. The applied electric field Eqy pulls the charges, and thus the droplet itself
is slightly deformed. The positive charges move in the direction of the electric
field, and the negative charges move in the opposite direction.

The theoretical results of the perfect dielectric model were experimentally veri-
fied by O’Konski and Gunther in 1955, by suspending ~ 0.5 mm water droplets
in air and measuring the eccentricity from analysing photographs [28]. Water
is a very good conductor, and air is an insulator, so they could set €, equal to
infinity, and got experimental results within 1% deviation from the theory for
even rather large eccentricities (e = 0.6).

But other experimental results showed that droplets could also become oblate
(stretching normal to the electric field) [29], something that is not explained by
equation 2.22, as an oblate shape has negative deformation D, which equation
2.22 does not allow. O’Konski together with Harris tried to derive a theory that
allowed oblate droplets by introducing electric conductivity in both fluids [30],
as compared to the previous theory for an insulating host fluid [27]. The new
results predicted a droplet deformation of

D 9 CouRES (0 = 1) (07 + 7oy —2 — ber)
64 7y (o +2)°

, (2.23)
where o, = 0, /00ut is the ratio between electric conductivities o of the fluids,
which would give an oblate droplet for

o >1 and o2+ 70, —2 < 6e; (2.24a)
or

o, <1 and o2+ 70, —2> 6e,. (2.24b)

But experimental results did not support the model in equations 2.24, and thus
the leaky-dielectric model was created [31].

2.5 The leaky dielectric model

Sir Geoffrey 1. Taylor is the creator of the leaky dielectric model, a work which
was published in 1966 [32]. Today, the model holds the full name of “Taylor-
Melcher leaky dielectric model”, named after Taylor and James R. Melcher, who
together with Taylor published a review of electrohydrodynamics (EHD) [33],
and who used the leaky dielectric model extensively to develop the field of EHD.
Even though the Taylor-Melcher model uses several approximations, it is still in
use today, and has support in most of the experimental studies today [34].
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Taylor realised that there must be a surface charge, also after the system reaching
a steady state [32]. For a spherical droplet in an electric field at equilibrium,
there must be a balance between electric stresses and variable pressure difference
at the drop surface, which can only occur if the fluids both inside and outside the
drop are in motion. Taylor discovered that there was fluid flow in the droplet,
something that had not been considered in the earlier models previously de-
scribed [27, 30, 31].

The leaky dielectric model only considers cases where the stress due to inertia
is small compared to that due to viscosity, i.e. for small Reynolds numbers
(Re < 1). The stresses on the interface from the electric field must be balanced
by the viscous stresses from hydrodynamic currents. The stream function
from fluid mechanics describes the fluid motion, where lines of constant ¢ are
streamlines of the flow [18], with velocity components u and v in polar coordinates

defined as . o0 wr
U= rangos ™ VT smdar (2.25)

The stream function must satisfy the condition [32]

D*) = 0, (2.26)
where the operator D? is [35]
9%  sind 0 1 0
D= — 4+ ([— ). 2.27
or? * r2 06 (Sin0 5‘9) ( )
The solution for a droplet with radius R is then given by [32]
3 5
Win = Umax (; — ;3) sin? 6 cos @ (2.28a)

R4

Yout = Vmax (7‘2 - R2> sin” 6 cos 0, (2.28Db)

where 1, is the stream function inside, and 1oy is the stream function outside.
The factor viyax is the maximum velocity of the flow, which occurs at the interface
(r=R)at 0= {%, %T", ‘%’T, %”}, and is given by

9 ou RE2 r— tr
Umax = — Cout 02 : 7 < s (229)
8 (2—‘1-0}) 5(Nin+,uout)

where we as before have the number o, = 0y, /0ot (the ratio between the electric
conductivity of the fluids inside and outside), and where p;, is the dynamic
viscosity of the droplet fluid, and oyt similarly is the dynamic viscosity of the
host fluid. The fluid motion in and around the droplet due to the electric field
can be seen in figure 2.6.

The flow direction is dependent on the value of vy, from equation 2.29, and
changes direction when vy, switches sign. The flow direction in the drop is

14
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Figure 2.6: Schematics of the flow inside and around a droplet induced from
the electric field. The flow is described by the equations 2.28 and 2.29. If
Umax from equation 2.29 is positive (as in this case), the circulation in the
drop is from pole to equator, and if vy« is negative, the circulation is from
equator to pole. The colourmap indicates the speed vu? + v2, with v and
v from equation 2.25, and normalised so that the maximum speed is 1.

from the equator to the poles when wvy.x is positive and thus when o, < e,.
Reversibly, opposite flow direction occurs when €, < o,. When ¢, = o,, no flow
is induced.

As for the shape of the droplet, Taylor showed that the droplet is prolate for
¢ > 0, and oblate when ¢ < 0, where ¢ is the dimensionless discriminating
function [36]

3y + 2
pr +1

3
b (€ry ey i) =024+ 1 =26, 4+ = (0, — &) , (2.30)

5

where fy = pin/pout is the ratio between the viscosity inside and outside the
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droplet. The droplet deformation D itself is then [36, 37]

B ¢ (&, 00 pir
p— O CouRE ¢ (6r,on i) (2.31)

16~ (2 + or)2

which as before gives prolate deformation for D > 0 and oblate deformation for
D <0.2

The deformation in the electric field is not instantaneous, as the charges on the
drop surface need time to build up, which is on a timescale of the Maxwell-Wagner
polarisation time tyw [40]

€in + 26ou‘c

ut 2.32
Oin + 26Tout7 ( >

tmw =

which is typically in the range 0.1s to 10s [39, 40, 42]. The same range is usually
the time scale for the flow, which is the time for a particle inside to be moved to
the drop surface.

Note that the case of the droplet becoming oblate or prolate is determined by
the two fluids permittivities €, conductivities o and viscosities p alone, and seems
not to be dependent on the field strength Fy. But remember that equation 2.31
was derived for two pure fluids, and with a droplet with small deformations only.
It has been shown that the deformation can change sign if the fluid interface is
coated with conducting particles, like clay, where the droplets begin as oblate
for medium fields (Ey = 200V mm™1!), and become prolate for higher fields
(Eg = 500 Vmm™1), as the clay particles short-circuit a droplet of silicone oil in
castor oil [42].

This model predicts elongation along the external field direction Eg, or nor-
mal to it, and does so well at moderately low stable field strengths (Fy ~
100 Vmm~! to 200 Vmm™1) [32, 34, 42, 43]. But at high field strengths (roughly
Ey > 300 Vmm™1!), the droplets have been shown to start to tilt at an oblique
angle, and to rotate, even though the field itself is stable [37, 40, 41, 44, 45].

2.6 Glass transition of polymers

A polymer is a molecule which is itself built out of a large number of molecular
units that, linked together by covalent bonds [46]. Examples of polymers are

2There are a lot of different versions of the equations around ¢ and deformation D. The
equations from [32, 34, 36, 38] are all different. I have here decided to use the equation of
Baygents et al., as it seems to be the consensus for recent publications |26, 37, 39—41].
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2.6 Glass transition of polymers

polyethylene and polystyrene, both organic molecules with long chains of carbon
and hydrogen, as shown in the figures 2.7a and 2.7b. The number of monomers
in a chain can be on the order of 10%.

T T
=C—C—C—C-—--- o =C—C—C—C--..
[ I [ I
H H H H H H H H
(a) Polyethylene: (CHz)n (b) Polystyrene: (CsHg)n

Figure 2.7: Chemical structures for polyethylene (PE) and polystyrene
(PS).

Due to their large molecule sizes, polymers do not behave like regular low molar
mass media. While the latter usually have perfectly elastic solids and only have
viscous forces for liquids, polymers have elastic and viscous properties both in
fluid and solid states. The contribution of the elasticity and viscosity depend
on the temperature, which gives polymers much more temperature sensitiv-
ity than regular materials. This gives arise to glass transition temperature,
which is a temperature where the state goes from liquid equilibrium to a state
where the thermal equilibrium is only partly established [47]. In other words,
the glass transition temperature is where the polymer goes from having a de-
fined viscosity (hot, but below the temperature of equilibrium crystallisation
transition), to having such a high viscosity that the polymer can no longer flow
on an experimental timescale (cold, but above a theoretical infinite viscosity) [48].

As it may be apparent, the exact definition of the glass transition temperature
is a matter of convention. Another such definition is that the glass transition
temperature is where the dynamic viscosity of the polymer crosses 1012 Pas [48,
49]. The glass transition temperature for polystyrene is roughly 100 °C, where the
transition extends over a temperature range on the order of 10 degrees, and the
location of the transition temperature also depends on the rate of temperature
change which it is measured over. The melting point for polystyrene is approx-
imately 240 °C, comparatively [50]. The glass transition temperature is usually
determined by measuring the expansion coefficient or heat capacity of a sample,
both of which change with different rate during the glass transition, compared to
the temperatures surrounding it [47].
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Chapter 3

Methods

For these experiments the goal was to fabricate capsules of a material, covering
a droplet in a host fluid. The result, silicone oil droplets covered by a capsule of
sintered polystyrene particles, is the culmination of a yearlong process of different
experiments, methods, ideas, and challenges. Here in this chapter, the different
attempted capsule materials will be described, together with different methods of
fabricating the droplets, and other aspects of performing the experiments.

3.1 Setup for capsule fabrication experiments

The experiments for capsule fabrication were designed and performed at NTNU,
with a setup as shown in the flowchart in figure 3.1. Droplets of silicone oil
containing particles were made in a sample cell with castor oil. The droplets,
ranging from 100 pm to 2000 pm in diameter, were then subject to the electric
field, typically in the range of 100 Vmm™"' to 300 Vmm™'. This field allowed
the particles inside the droplet to move to the droplet surface, where they are
trapped by the capillary forces. When all the particles have been located to
the drop surface, the electric field was switched off, and external heating was
switched on. The contents of the sample cell were heated to ~ 100°C, and the
temperature was kept for approximately 10 min, to allow the particles to merge
into a rigid shell. Finally, the sample was cooled back down to room temperature,
and the droplets were removed from the cell.

To ensure the safety of the user and surroundings, the heating plate and electric
power source were both connected to a safety switch and fuse, so that they both
quickly could have been turn off in case of an emergency.
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Safety Voltage Aaplifier VQI‘Fage
switch source divider
Heater Cooling Multimeter
Camera

Computer «—— Arduino

Figure 3.1: Experimental setup for droplet fabrication, encapsulation, and
sintering. Yellow colour indicates systems for the electric field, and green
colour indicates systems for measurement.

3.2 Electric field apparatus

To achieve fields of several hundreds of volts per millimetre in the sample cell
with a width of 15 mm, a voltage in the kilovolt range was needed. The analogue
DC power source used was a GW Laboratory DC Power Supply GPS-3030,
which allowed a maximum voltage of 30 V. The voltage then had to be amplified,
which was performed with a NTNU-built 1000x amplifier. The amplifier gave a
non-linear response, so to accurately measure the voltage applied over the sample
cell, a NTNU-built down-converter reduced the voltage by a factor 1:1000, which
could then be measured by a Fluke 115 Multimeter. The amplified high voltage,
typically ~ 3kV, was then applied over the sample cell using high voltage rated
crocodile clamps, attached to copper electrodes that were put in contact with the
sample cell walls. The sample cell itself consisted of a glass base with four walls,
two opposing sides of glass and two of indium tin oxide (ITO), which is transpar-
ent as glass, but is a good conductor, contrary to glass. The ITO on the inside
walls gave a reasonably uniform field across the contents of the cell. The cell had
a length and width of 15 mm each, and height of 25 mm (schematics in figure 3.2).

According to the equation for electric field (equation 2.6), if the distance between
the two conducting walls is decreased, the maximum field is increased. This was
exploited for some AC experiments, because another and weaker amplifier had
to be used, which was circumvented by creating a smaller cell with a width of
5mm. But the decreased width became a challenge when trying to fit in the
copper electrodes on each ITO side, without the electrodes touching each other.
Also, for an increasing ratio between droplet size and cell width, the droplet
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easier attached to the wall, deforming the droplet.

ITO

5
&

glass

Figure 3.2: Schematics of the sample cell that was used to make droplets
in (left), together with a photo of the one that was used in the experiments
(right). For the schematics, the glass plates are in shaded cyan and the
ITO plates are in teal (with ITO coating on the inside of the cell). As
it is apparent in the photo, the true colour and appearance of ITO is
indistinguishable to that of glass.

3.3 Heating and cooling of the samples

3.3.1 Temperature control

To fabricate the capsules, different methods of capsule hardening were proposed,
like using an UV curable resin to produce double emulsions (droplet of one
medium covered by a film of another medium, all in a host fluid, as shown in
figure 2.2b), and then curing the resin emulsion. But due to considerations of
available time and experience, it was decided to fabricate capsules by sintering
particles on the drop surface. For heating, the sample cell was placed on a
Heidolph MR 3003 heater, which could be set to a desired temperature of up to
300°C. A box of plexiglass was placed around the sample cell, both to isolate
the system, and as a safety measure to protect the user from high temperatures
and high voltages.

To cool down the system afterwards, a copper plate with water pipelines inside
was placed under the cell, on top of the heating plate. A Lauda E 300 water
pump with water at ambient temperature was attached to the copper plate, which
circulated the water when cooling the sample, allowing effective cooling, so that
the droplets could be removed from the sample cell afterwards. As the copper
plate was between the sample cell and the heating plate, there was some lag in
heating up the sample, as shown in figure 3.3. It took roughly 15 min to reach a
stable temperature inside the sample cell while heating, and approximately the
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same time to cool down when the cooling was engaged.
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Figure 3.3: Characteristic temperature profile, measured with a thermo-
couple connected to an Agilent U1253A multimeter. The heating was
engaged at 0s. The heating was shut off 23 min, and cooling immediately
engaged, at where the temperature immediately fell. The heating plate
was set to a temperature of 150 °C, but the sample cell did not reach that
temperature, as maximum temperature was 96.8 °C, just as the heating
was turned off.

3.3.2 Heat convection

While heating the droplets in the host fluid, significant heat convection was
observed, as the hotter regions of the oil in the bottom of the cell rose, and cooler
regions of oil from the top of the cell sank. This proved to be a large problem for
producing the capsules, as larger droplets became torn apart by shear stresses
from the convection flow, and from droplets rupturing when the droplets got
pushed up to the host fluid surface.

Several methods were tried to reduce heat convection. One method was to isolate
the sample cell better by covering all holes in the plexiglass box where ambient
air could enter, but this had no significant effect. Also reducing the host fluid
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3.3 Heating and cooling of the samples

Figure 3.4: Photo of the heat convection in the sample cell. This was a
four second exposure, using a laser with polystyrene beads as scattering
particles in castor oil, while heating. The cell width was 15mm, and
temperature approximately 70 °C.

volume, so that the depth was reduced, did not show any noticeable improvement,
in addition to make it harder to inject the droplets into the oil.

A more effective method was to create a new sample cell with a low viscosity
oil bath surrounding the sample cell, so that heat convection would only ap-
pear in the outer fluid, making the temperature even around the inner cell with
the droplets, so that the inner heat convection would be reduced. This proved
to reduce the heat convection significantly, but also increased the heating time
drastically, up to approximately 45 min, while impairing the image from the mi-
croscope, as there was a thick layer of moving oil around the sample cell.

Finally, to circumvent the problem of drop deformation and destruction from
heat convection, it was decided to only produce droplets so small that they
would not be noticeably affected by the convection flow, as the surface tension
is significantly stronger than the shear stresses for sub-millimetre droplets. This
maximum droplet diameter showed to be approximately 1mm, and thus the
capsules fabricated in these experiments do not exceed this size.
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3.4 Data logging

Several instruments were used to record the conditions inside the sample cell.
For imaging and video recording, a Canon EOS 600D digital camera was used,
attached to a Zeiss Stemi 2000-C microscope, which gave a maximum camera
resolution of roughly 0.5 pm per pixel with the 18-megapixel camera. In video,
with a maximum resolution of full HD (1920 pixels by 1080 pixels), the maximum
resolution was 1.3 pm per pixel. This resolution was adequate for looking at the
droplet dynamics but did not allow closer inspection of the contact between the
particles.

As for voltage measurements, the multimeter did not allow data exportation,
so an Arduino UNO R3 microcontroller was used to register the voltage. The
Arduino was programmed to measure the voltage from the voltage divider, with
the code being available in appendix A.1. Both the resolution and precision of
the Arduino measurements were a bit low, consequently, the average of five volt-
age measurements over 50 ms was recorded. The software GoBetwino' was used,
as the Arduino microcontroller independently not could export data with time-
stamps. The GoBetwino software monitored the serial port for data sent from
the Arduino and saved it with a time stamp to a text file on the computer. In
that way, the voltage in the sample cell could be recorded and saved every second.

A Python script was finally used to import the voltages from the file with voltage
measurements to create video subtitles for the recorded videos with the electric
field appearing as video subtitles, synced in time with the video itself. The
Python code is available in appendix A.2. Due to different clocks in the camera
and the computer, and some lag in the Arduino and serial port monitor software,
the subtitles were not perfectly in sync with the recorded action, but an accuracy
of somewhere around 1s to 2s was reached. Due to these efforts, it was possible
to see what the specific electric field was at any moment in the videos, with
relatively little effort.

3.5 Producing and removing the droplets

The task of producing the droplets, and removing them after sintering, proved
to be difficult. The emphasis was on producing similar sized droplets with sim-
ilar particle concentrations, which proved to be challenging, due to the reasons
discussed below. The droplet fluid was made by mixing the droplet oil together
with a specific amount of particles. For a fully covered droplet with spherical

Thttps://web.archive.org/web/20171113125718/http://www.mikmo.dk: 80/
gobetwinodownload.html
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3.5 Producing and removing the droplets

particles, the mass ratio between added oil and particles is given by

Moy 1 por  Doi

= , 3.1
Mparticle 4n Pparticle dparticle ( )

where Moy and Mparticle are the total masses for added oil and particles re-
spectively, with p being density, D is the droplet diameter and d the particle
diameter, and 7 is the particle packing density (hexagonal packing of spheres in
one layer yields n = QL\/g ~ 0.9069). But due to particle sedimentation, it was
hard to get equal particle concentration for every new sample. This was partly
solved by the Taylor-Melcher flow induced from the electric field (see section 2.5),
ejecting excessive particles out from the droplet. But if the sedimentation and
unevenness is compensated for by adding an excess of particles, the oil-particle
mix easier sediments and clogs up stationary syringe pumps or similar drop size
controllers. There was also some delay in turning on/off the syringe pump and
getting out fluid in the other end of the pipe into the cell, reducing the amount
of control over the droplet fabrication process.

It was also attempted to have a glass capillary tube into the cell which could
inject fluid. But as previously noted, high particle concentrations clogged the
pipe. Additionally, the ejected droplets attached themselves to the side of the
capillary, failing to form free droplets in the fluid. Adding too much fluid would
also produce too large droplets, without an easy way of reducing them after-
wards. Due to the lag in the piping, this was often the case, as there was little
control over the actual amount of fluid being ejected.

Thus, the easiest method was to use a simple Thermo Labsystems Finnpipette
micropipette. A droplet with a diameter of 1.0 mm has a volume of 0.52 nL, so a
very small volume must be injected. The smallest micropipettes available for this
experiment was a 0.2 nL to 2 uL pipette. 2 puL gives a 0.7 mm droplet, so smaller
droplets were produced by dragging the pipette tip around while injecting the
oil-particle mix, as shown in the photos in figure 3.5.

As for removing the encapsulated droplets after sintering, simply pouring the
contents of the cell into a Petri dish posed too great shear stresses for the cap-
sules, often tearing them apart. Capsules in the cell corners also did not flow
easily, due to the high viscosity used for the host fluid, and surface tension.
Therefore, the capsules had to be removed carefully manually with a suctioning
syringe pump. A syringe tip with an inner diameter of 1.6 mm was used, while
injecting at a speed of 50 pLmin~!. After cleaning the sample cell for capsules,
the encapsulated droplets were then injected into a Petri dish at the same tempo
of 50 pLmin~?!, and promptly stored for later use and observation.
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Figure 3.5: Producing droplets in the 15mm sample cell. Photos from
stirring while injecting (a), and after (b). The droplets’ sizes range from
150 pm to 500 pm, with 40 pm particles. The scale bar in the cut-out is
0.5 mm

3.6 Properties of the oils used

There are some restrictions for what fluids to use in the droplet and host medium.
An important restriction is that the fluids must be non-miscible. For visual
observation, they should also be close to transparent.

Further, the oil densities should be as similar as possible to get neutral buoy-
ancy, to prevent strong sedimentation or floating of the droplets As the droplet
deformation is dependent on the interfacial tension (D ~ Jl), while the drop
flow velocity not (vmax ~ E3), it is preferable with an oil combmatlon with mod-
erate/high interfacial tension, so that the drop deformation is not exaggerated,
risking that droplets burst if the electric field is too high. If the interfacial ten-
sion is too low, and one tries to compensate with reducing the applied E-field,
the drop flow velocity is reduced, resulting in slower build-up of particles on the
surface, and thus fluids with applicable interfacial tension should be used.

From equation 2.29, it is apparent that two fluids are wanted so that o, — ¢, =
rr_;f; — = is non-zero, or else there will be no flow. The conductivities and
perm1tt1v1t1es should further be chosen while considering the Maxwell-Wagner
time, given by equation 2.32, denoting the time for the charge to build up on
the interface. If this time is too large, the fluid flow takes a long time to initiate
and push the particles to the surface, and therefore it is preferable that the fluid

conductivities and permittivities are chosen accordingly.

Finally, a moderate/high viscosity is wanted to get a low Reynolds number,
to minimise turbulence. This also makes it easier to observe the droplets, as
mechanical vibrations are reduced.
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The oils used in these experiments were silicone oil for the droplets (Dow Corning
200/100¢St, prod. 630074A), and castor oil as the host fluid (Alfa Aesar Castor
Oil, L04224). They had both been used previously in the lab and were therefore
quite old. It is unknown how this affects the oils, but as this project was more of a
qualitatively than a quantitative study, this was not regarded as a problem. The
interfacial surface tension between the two oils is Ysi—castor = 4.5 mNm™! [40],
which is relatively low compared to the surface tension between water and many
oils, which is typically on an order of magnitude higher than the one between
silicone oil and castor oil [42]. The other relevant parameters for the fluids are
given in table 3.1. Note that the kinematic viscosity v is listed, and it is defined
as the ratio between the dynamic viscosity divided by the density, v = u/p. Also,
it should be noted that the oil that were used were past their expiry dates, so
the parameters could have changed, but as the results were qualitative, it was
not bothered to buy new oils. No rancidity or other signs of reduced quality was
noted, however.

Table 3.1: Table of the specifications of the two fluids used in these ex-
periments. Data from [42]. Due to the nature of vegetable oils like castor,
there is expected to be some variation in these values from different man-
ufacturers and bottles.

| Castor oil | Silicone oil | Relative (in/out)

Permittivity, e (Fm™1) 42x 1071 [ 1.9x 10711 0.45

Conductivity, ¢ (Sm~!) || 4.5x 10711 | 4 x 10712 0.1

Kin. viscosity, » (m?s™1) || 1.00 x 1073 | 1.00 x 10~* 0.100
Density, p (kgm™3) 961 970 1.01

3.7 Capsule materials

If a droplet in an electric field is fully covered with a conductive material, the
drop will be short circuited, suppressing the Taylor-Melcher flow [42]. In these
experiments, the droplets were covered with different insulating materials, in
different attempts of fabricating capsules. Several methods were attempted,
consisting of either melting capsules around the drops, or sintering particles by
using the glass phase transition.

3.7.1 Wax

The first experiments included use of wax as the capsule material, due to the
low melting point of wax, and a very low conductivity. The wax that was used
was Hampton Research Capillary Wax, which has a melting point of 79 °C. The
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wax was attempted crushed to fine dust, but this was difficult due to the low
melting point, as the wax easily melted while grinding, melting together to larger
patches, inhibiting the whole purpose of the grinding. It was also attempted to
use liquid nitrogen to cool the wax while grinding, while also making the wax
more brittle, but it did not help significantly. Due to the manual grinding and
previously mentioned difficulties, the wax particles had a wide range of sizes, as
can be seen in figure 3.6a.

g

(a) Silicone oil droplet with wax particles. (b) Droplets of polyethylene (red) on the
Droplet size is roughly 1 mm. Wax can be s1de of the silicone oil droplet. Droplet
seen as both large particles on the inter- sizes are approximately 1 mm for the large
face, and much smaller particles inside the droplet, and approximately 150 pm for the
droplet. small droplet to the left.

Figure 3.6

When melted, the wax formed a thin layer around the droplet. But due to the
thinness of the layer, and the general brittleness of wax, the capsule was far from
strong enough to withstand any forces, and the idea of using wax was discarded.

3.7.2 Polyethylene

Further experiments involved the use of polymers. Polyethylene (PE) beads from
Cospheric LLC (UVPMS-BR-1.050 45-53um) were used, with diameters ranging
from 45pm to 53pm. PE has a melting temperature at 138°C, and a glass
transition temperature at —125°C [50]. This turned out to be a problem, as
no sintering of individual PE beads was observed until reaching the melting point.

It was further attempted to melt the PE as droplets encapsulating the silicone
oil, but this was not possible, due to the interfacial tensions, as discussed in
section 2.2. The polyethylene formed melted droplets on the side of the silicone
oil droplet, as seen in figure 3.6b. Thus, the polyethylene beads could not be
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used to fabricate capsules in these experiments.

3.7.3 Polystyrene

Dynoseeds TS polystyrene beads from Microbeads AS were used for the ex-
periments including polystyrene as a particle material. Polystyrene is a great
insulator, and therefore follows the Taylor-Melcher flow, without altering the
polarisation of the droplet. The polystyrene beads had a density of 1.05gcm ™3,
and were colourless, transparent, and without surfactants or other active sur-
face coatings. Polystyrene has a glass transition temperature of approximately
110 °C, but contrary to polyethylene, polystyrene has a significantly higher melt-
ing point, at 240°C [50]. This allows the glass transition to be exploited easily,

without the risk of melting the particles themselves.

Three different particle sizes were used, with diameters of 10 pm (Dynoseeds
TS10), 20pm (Dynoseeds TS20), and 40 pm (Dynoseeds T'S40). The different
particle sizes were probed to determine the structural strengths of the various
sizes, along with the difference in ease of fabricating the capsules.

The polystyrene beads turned out to be the best material for fabricating the cap-
sules with the previously described experimental setup. A SEM image of some
40 pm polystyrene beads after being heated to the glass transition temperature
is shown in figure 3.7.

3.8 Safety measures

As these experiments included high temperatures, high voltages, and flammable
materials, some safety measures had to be performed.

The fluids and capsule materials have flash points, which are temperatures where
the media can spontaneously ignite if in contact with air. It was ensured that
the samples were not heated to those temperatures while in contact with air,
which for the oils was well above 200 °C. The boiling points of the fluids were
also considered when a heating temperature was set, but as this temperature was
much higher than the highest used for the heating plate (160 °C), no boiling was
encountered.

The entire sample cell was covered in an acrylic glass box, which protected
against potential bursts of oil, contact with the high voltage electrodes, and
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Figure 3.7: Closeup of polystyrene beads, after being heated to the glass
transition temperature. While the beads were mostly highly spherical,
some small surface bumps and size differences were observed. While the
supplier lists the diameter as 40 pm, the spheres have diameters of 42.5 pm
according to the SEM software.

general contact with the hot substances.

For further protection from currents through the body, the power source was
connected to an electrical safety box, with a large off switch for easy access in
case of emergency. The safety box also had a separate fuse against high currents.
The entire setup for fabricating the capsules can be seen in the photo in figure 3.8.
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3.8 Safety measures

Figure 3.8: The setup on the lab used to fabricate the capsules at NTNU.
The letters represent (A) the electric safety box, (B) the electric power
source, (C) the crocodile clamps, (D) the heating plate, and (E) the tubing
for the water-cooling system.
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3.9 Experimental setup for analysing capsules

During two days in April 2019, experiments were conducted at Aalto University
in Finland, where the goal was to examine the sintered capsules in greater detail
than what was possible at NTNU in Trondheim.

3.9.1 Micropipette aspiration

The original experiment was to perform micropipette aspiration on the capsules
to probe the structural integrity of the capsules my recording the deformations
when a suctioning pressure is applied on the outer wall, as illustrated in figure
3.9. The capsules were in a Petri dish over an inverted optical microscope. The

L

/_/R

Figure 3.9: Tlustration of micropipette aspiration, as performed at Aalto
University in Finland. The droplet can either clear, covered by particles, or
a gel or other soft material. The aspiration length L is measured visually
as a function of time for a constant pressure difference.

Petri dish contained castor oil, which had been flushed through the tubing (left
side of the figure).

Due to the very high viscosity of the castor oil, the pipe had a high fluid resis-
tance, so that it took approximately 30 min to fill the entire pipe with castor oil
even though the total volume of the piping was approximately 30 ml. The fluid
resistance Rp, being the ratio between the applied pressure and the flow rate,
was measured to be Rp = 22 = 8.8 x 105 mbarsml~! by finding the rate of
change in the reciprocal of the flow rate as a function of applied pressure. Much
lower (~ =) fluid resistance is possible if using less viscous host fluids, such as

1000
water, but this was not considered before leaving to Finland.
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3.9 Experimental setup for analysing capsules

3.9.2 Mechanical testing

Another experimental setup was constructed while at Aalto University. A qual-
itative capsule crushing experiment was made, using tools at location, including
glass plates, adhesive tape, plastic cuvettes, and a micrometer screw gauge. The
setup, as illustrated in figure 3.10, was recorded by a microscopic camera con-
nected to a computer. The micrometer screw gauge was lowered by 20 pm every
15 seconds.

L.J

Figure 3.10: Illustration of capsule crushing experiment. The capsule is
cyan, with the light teal plate being a glass plate, pushed down by the
micrometer on the top. A microscope is positioned on the side. The
plastic cuvette was filled with castor oil during the crushing experiment.
This setup was constructed on location in Finland during the two day stay
and was thus quite basic. While still giving consistent results and images,
no quantitative data was recorded.

While the imaging data recorded was interesting, for similar studies in the future
it is recommended to add a mass weight under the plastic cuvette, as this allows
for the force exerted on the capsule to be measured, which vastly increases the
usefulness of the data.
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Chapter 4

Results

The results from this project can be summarised into several different parts,
divided into four different sections in this chapter. These four sections are de-
scribing the different stages of the progression during the work performed over
one year, each stage constituting a challenge that had to be overcome to progress
to the next challenge. The first challenge was, and thus the first section, the
production of droplets with particles. The second challenge was to find the
correct material to fabricate a spherical rigid capsule. Third, when the capsule
fabrication process was determined, the capsule properties were analysed. In
addition, some results from an experiment on the side are included, as capsules
with conducting beads were fabricated.

The first stage was completed relatively quickly, due to previous work presented
in the doctoral thesis of Alexander Mikkelsen [26]. The next two stages took
considerably more time, as new methods and setups had to be developed, and
the results presented here are therefore more varied, with different approaches.
When the correct material was found, the properties could be examined, but still
with a sense of searching, as it was unknown how to perform the tasks.

A large portion of the results presented here are from two days of intensive work
at the Department of Applied Physics at Aalto University, Finland in April 2019,
where most of the material properties were investigated.

4.1 Fabricating arrested droplets

A droplet can be covered by particles, and when the droplet surface area is fully
covered, we call the droplet “arrested”, as the particles are fixed, unable to move
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around on the surface.

By mixing the silicone oil with different fractions of particles, the particle coverage
of a droplet was controlled. The mass ratio between silicone oil and the spherical
particles was estimated with equation 3.1, but as mentioned in section 3.5, the
actual ratio in the produced droplet was hard to control due to sedimentation
and unevenness in the oil-particle sample holder. From equation 3.1, it is also
apparent that the mass ratio is dependent on the intended droplet size, but as
the droplet diameter was hard to control, this value was not fixed. To ensure a
fully covered droplet, an excess of particles was added so that extra particles
could be ejected from the Taylor-Melcher flow, although the host fluid itself
consequently got more polluted by the ejected particles, inhibiting the view from
the microscope. Droplets with different particle covering fractions can be seen in
figure 4.1.

Figure 4.1: Two droplets with different particle coverage. The left droplet
(a) has a diameter of 0.6 mm, and the right droplet (b) has a diameter
of 1.6 mm. The particles are polystyrene beads with a diameter of 40 pm,
and the scale bars represent 300 pm for both photos.

Fully covered droplets were fabricated, with particle packing close to hexagonal
(the densest sphere packing on a flat surface), as can be seen in figure 4.2. The
cut-out in the figure shows that the packing is hexagonal locally, but with several
dislocations and grain boundaries, as a perfect hexagonal packing is not pos-
sible on a curved surface, in addition to the particles not being perfectly isotropic.

When applying an electric field, Taylor-Melcher flow is induced, as shown in
figure 4.3a. This flow is similar to the theoretical streamlines shown in figure 2.6,
and as confirmed in previous experiments [32, 42]. The droplet deformation in
the image is approximately D ~ —0.020, while the deformation calculated from
equation 2.31 is D = —0.0088. This discrepancy will be discussed later in section
5.1.
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4.2 Sintering of wax and polyethylene

Figure 4.2: A photo of an unsintered droplet with a diameter of 1.6 mm.
The drop surface is fully covered by 40um polystyrene beads. From
the cut-out, it is apparent that the beads themselves are not completely
monodisperse but vary somewhat in size. The packing is locally forming
hexagonal packed patches, with dislocations in boundaries.

4.2 Sintering of wax and polyethylene

4.2.1 Properties of wax coated droplets

After producing the “soft”, unsintered armoured drops, the next goal was to sinter
the armour into rigid capsules. The first idea was to use an armour material
with low melting point, so that the armour could be melted, form a capsule as a
double emulsion, and then be cooled back down to form a solid capsule. These
first experiments made use of Hampton Research Capillary Wax, which is listed
with a melting point of 79°C. The wax, which originally from the supplier was
formed as sticks with a diameter of roughly 6 mm, was crushed with a stone
grinder. It proved to be difficult to create equal sized particles, as previously
shown in figure 3.6a. Nevertheless, oil-wax samples were created of different mass
ratios, and droplets were produced. The electric field was switched on and left
on for approximately 5 min to move the wax particles to the drop surface. When
the droplet was visibly empty, and all the wax particles were at the surface, the
electric field was switched off, and the heating plate was switched on to melt the
wax particles into a layer.

Sedimentation of the droplets causes experimental problems. Many of the
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(a)

Figure 4.3: Photos of droplets with wax. (a) shows a droplet of silicone
oil containing wax particles. The relatively long camera exposure of 0.6
seconds reveals the Taylor-Melcher fluid motion inside the droplet, similar
to the flow shown in figure 2.6. A vertical ribbon is building up on the
surface of the droplet from particles being ejected to the surface and moved
to the drop equator due to the fluid motion inside and outside the droplet.
(b) shows a half-capsule coated with heat cured wax, at the bottom of the
sample cell. Wax “hairs” can be observed at the rim of the capsule. The
wax coating is approximated to be less than 50 pm and was too thin to
provide any structural integrity when attempting to relocate the capsule.

droplets sediment during the experiments, and adhere to the bottom of the cell,
forming half-spheres. Later, when the cell is heated, another portion of the
droplets are destroyed or altered due to thermal convection in the sample cell,
moving the droplets around chaotically. Of the surviving droplets after heat
curing, most were half capsules covered with wax only on the top, as can be seen
in figure 4.3b.

It was attempted to suck up the capsule with a pipette, which destroyed the
capsule, as the solid wax capsule was too thin and weak to provide any sub-
stantial structural integrity to the oil droplet inside. As the wax was too weak,
experiments were promptly changed to use polymer particles as coating.

4.2.2 Properties of polyethylene coated droplets

Using polyethylene (PE), the intention was to sinter the capsules from reaching
the glass transition temperature (described in section 2.6). Both PE beads and
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PS beads were available at the lab, but as the melting point of PE is listed as
being 138°C, compared to 240°C for polystyrene (PS), the hope was that it
would be easier to sinter PE beads than PS beads, using the glass transition
temperature [50]. The glass transition temperature for PE is listed as being
—125°C in the same reference, which was deemed improbably low, as the general
mechanical properties for the PE beads and PS beads seemed similar. This will
be discussed later in section 5.2. Thus, it was assumed that the glass transition
temperature of PE is substantially lower than that of PS, and therefore easier to
fabricate capsules without creating as much heat convection as for PS.

The temperature behaviour of PE coating is radically different from the temper-
ature behaviour of PS coating. It turned out that PE did not reach any glass
transition before reaching the melting point, and the PE beads thus not sintering
before melting into liquid PE. A photo of such melted polyethylene is shown in
figure 3.6b. In most cases, the particle covered droplets either did not sinter (no
change after heating), or melted completely, forming large blobs of melted PE,
without substantially covering the droplet. Only in some cases, roughly 10 %
of experiments, the heat was such that the particles only partly melted, form-
ing a cover of the droplet. The temperature of the oil was difficult to control,
as the heat from the heating plate had to transmit through both the copper
plate and the sample cell with oil. Thus, the resulting state of the capsules was
unpredictable.

One case of partly melting can be observed in figure 4.4. There, the beads have
partly melted. The red beads are visible on the left side, and the rest of the
droplet is covered by a thin layer of colourless translucent part of polyethylene
melt.

Due to the inability to accurately control the melting process, failure to sinter the
beads around an oil droplet, the polyethylene melt forming droplets instead of
coating the oil as a double emulsion, the polyethylene experiments were halted.
Some more polyethylene experiments were conducted with metal beads, which
are described in section 4.4. After cooling the melted polyethylene back to room
temperature, the melt was examined by applying mechanical force, and showed
remarkable strength compared to wax, which was promising for further experi-
ments with polymers.

4.3 Sintering polystyrene particles into capsules

As the polyethylene capsules did not successfully form spherical capsules,
polystyrene was chosen as capsule material. Polystyrene has a well-defined
glass transition temperature of approximately 100 °C, and a substantially higher
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Figure 4.4: A droplet with polyethylene beads in red. The particles have
partly melted, as they are formed into smaller sintered patches, and formed
a thin transparent coating on the rest of the droplet. The droplet diameter
is 1.3 mm, and the bead diameters are 90 % in the range 45 pm to 53 pm,
according to the supplier.

melting point of 240 °C [50-52]. By making droplets of silicone oil mixed with
polystyrene beads in the sample cell with castor oil, applying an electric field
of 200 Vmm™! for approximately five minutes, heating to 100°C, and cooling
down, successful capsules of polystyrene beads were fabricated, covering the
silicone oil. This process is illustrated in figure 4.5. A capsule from this process
is presented in figure 4.6a, while a SEM image of a capsule fragment is presented
in figure 4.6b. The number of capsules produced for each run of the process
depends on the number of droplets injected into the castor oil, together with the
ratio of destructed capsules from thermal convection and the random paths the
droplet took during the convective flow. More than half of the produced droplets
either attached to the cell walls, or lost particles when moving in the thermal
convection flow. These factors together participated in either deforming the
droplets or ejected particles from the surface, so that only parts of the droplets
were coated in polystyrene. In addition, a small portion of droplets ruptured at
the surface, destroying the droplet and its coating completely. A partial capsule
has the same mechanical properties locally as a full capsule, so several results
presented here will be from partial capsules.
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Figure 4.5: Tllustration of procedure for fabricating capsules.
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Figure 4.6: (a) Silicone droplet fully covered by polystyrene beads. The
beads are sintered by heating the droplet to approximately 100 °C, above
the glass transition temperature of polystyrene. This capsule is approxi-
mately 650 pm in diameter.

(b) A fragment of a previously full capsule, observed in a SEM. The frag-
ment width is approximately 550 pm.

4.3.1 Effects of different particle sizes

Polystyrene particle sizes of 10 um, 20 pm, and 40 pm were used in these ex-
periments to probe the mechanical properties of capsules with different sized
polystyrene beads. Capsules of 40 pm beads were easily made, with a low grade
of particles being ejected from the drop surface (figure 4.7a). Experiments with
20 pm beads were more prone to failure, as capillary binding is dependent on
particle size, resulting in fewer covered droplets (figure 4.7b) [53]. Using 10 um
particles did not yield any complete capsules. All the droplets were depleted of
beads by drag from the thermal convection. Only a thin sliver of beads were left
on the side of the droplet not facing the convection fluid flow, as it is a stable
stagnation point of the fluid flow, the low fluid velocity allowing the capillary
binding to retain the particles on the oil-oil interface (figure 4.7¢).
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(b) 20 pm polystyrene beads. Capsule di- (c) 10 pm polystyrene beads. Droplet di-
ameters are approximately 400 pum (left) ameters are approximately 250 pm (top
and 450 pm (right). left), 350 pm, and 150 pm (bottom right).

Figure 4.7: Comparison of different polystyrene bead sizes, all photos after the
sintering process. Image (a), with 40 pm beads, show generally clean capsules.
Even though some holes appear (top left), it was generally easy to produce full
capsules.

Image (b), with 20 pm beads, show more holes than for 40 nm beads. There are
noticeably more beads ejected from the drop surface, and it was in general a
lower rate of success for producing capsules with 20 pm beads than 40 pm beads.
Image (c), with 10 pm beads, show droplets with almost no beads on them, as
they have almost completely been separated from the droplets. This is due to
the convective flow, which has dragged the beads off the drop surface, leaving a
small portion left on the side, where the droplet itself shielded from the flow.
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4.3 Sintering polystyrene particles into capsules

In general, the 40 pm beads were the easiest to work with, and gave the cleanest
results: The capsules were more successful, and the waste of beads was lower.
The 40 pm bead capsules also showed the greatest strength.

Of the sintered structures using 20 pum over 0.5mm in size that were brought
to Aalto University, Finland, no complete capsules survived the journey, being
brought in a cylindrical glass container, diameter 2.5 cm and height 4 cm, half
full of castor oil. The largest surviving piece, and the only one to be probed at
Aalto University, was a 900 pum by 500 pm chunk of sintered 20 pm beads. The
chunk was not spherical, not hollow, and did not provide any relevant results
for this thesis. Therefore, all remaining results are with 40 pm polystyrene beads.

4.3.2 Properties of capsules with 40 pm beads

When fabricating the capsules, the resulting properties of the capsules were
strongly dependent on the distribution of the droplet in the sample cell. Both
the silicone oil and the polystyrene beads had densities higher than the surround-
ing castor oil, and thus, some droplets quickly sedimented to the bottom of the
cell and were attached to it due to surface tension. This permanently perturbed
the shape of the capsule to a half-sphere, while also inhibiting the polystyrene
beads from covering the downside of the droplet, as the particles had an affinity
to the oil-oil interface. Smaller droplets were, however, easier suspended in the
liquid, as the sedimentation rate is proportional to the radius of the droplet [54,
55]. This made it easier to work with smaller droplets (sub-millimetre diameter)
than large droplets.

Engaging the electric field did not significantly induce a displacement of the
droplets. The droplets do get electrically polarised, and the surrounding fluid is
brought to motion, so that two droplets could attract each other. But this effect
was weak, as the time for a uncoated drop pair to contact is proportional to the
initial separation to the fifth power, and is well over 100 s for drops separated by
5 radii [56]. For coated droplets, the droplet surface fluid velocity is decreased,
and thus the time to contact is further increased [57]. Therefore, the attraction
was only noticeable for droplets less than a couple of droplet radii between each
other for an electric field of 200 V mm 1.

The thermal convection together with the sedimentation had the greatest in-
fluence on the droplet motion. When heating without the electric field active,
heat convection was induced, with hot fluid rising on the sides, and sinking in
the centre, as shown in figure 4.8a. After approximately 5 minutes, when the
temperature in the cell had stabilised, the flow patterns changed to a circular
motion, with occasional vortexes in the corners of the cell, as shown in figure
4.8b. When the oil was hot, an applied electric field induced an unstable flow
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in the fluid, as shown in the consecutive photos in figures 4.8c, 4.8d, and 4.8e.
We can see that the vortexes are changing over the 20 seconds between the three
photos, for example in the top centre of each of the three images. When the elec-
tric field was turned back off, the fluid motion settled back to a stable flow in a
matter of seconds, as seen in figure 4.8f. This flow was again unchanged over time.

The unstable convective flow is assumed to be due to the viscosity of the fluids
being reduced by the increase in temperature, increasing the electrohydrodynamic
shear-stress interactions in the system, which are inversely proportional to the
viscosity [33].

When attempting to sinter using heat while the electric field was active, the
polarised droplets were pulled towards the cell sides of ITO, when they were
close enough for the Coulomb forces to overcome the viscous forces caused by the
convective flow. As the walls were then charged, and the droplets had opposite
charge on the wall-facing side, the droplets sedimented at the side of the sample
cell. The additional vortexes, as can be seen for example in the bottom left
of figure 4.8d, probably also contributed to a reduced drag on the capsules, as
the flow velocity in that corner is reduced. The polarisation of the capsules,
and the high concentration of capsules at the ITO walls, made the capsules fuse
together into larger clusters, as seen in figure 4.9. These clusters were not easily
separated, and such attempts most often ended in rupturing the capsules and
leaving fractures of other capsules on the sides of isolated samples (as is visible
e.g. in figure 4.15). This problem was easily omitted by turning off the electric
field while heating.

After sintering, the capsules with droplets inside were extracted using a suc-
tioning syringe pump. A metal syringe of inner diameter 1.5 mm was manually
directed towards the capsules to let them be extracted. The flow rate of the
syringe pump was varied, and values up to 100 pL min~! were used. After re-
moving all the capsules, the syringe pump was switched from infusing to injecting
mode, with the same flow rate, only in opposite direction. During this process,
no capsule deformation was observed. The capsules could then be deposited into
empty Petri dishes, or into a fluid like ethanol or water.

When depositing, there was always some castor oil adhering to the capsules. This
castor oil was attempted removed, both by suctioning with a finer tip, and by
cleaning with ethanol. As the castor oil according to the supplier had a boiling
point of 313°C, it was not feasible to let it evaporate. The oil was thus best
removed by first removing as much as possible of the oil with the syringe pump,
and then by cleaning the rest with ethanol, as castor oil is completely soluble in
ethanol [58], and polystyrene is insoluble in ethanol [59-61].
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4.3 Sintering polystyrene particles into capsules

(c) E =200Vmm™!, 155 after initiation. (d) E = 200V mm™"', 25s after initiation.
T ~ 95°C. T ~ 95°C.

(e) B =200V mm™*, 35s after initiation. (f) E =0V mm™!, 155 after being turned
T =~ 95°C. off, and 30s after (e). T = 95°C.

Figure 4.8: Comparison of convection with and without an electric field.
The electric field was turned on after image (b) and turned off after image
(e). The electric field is applied from left to right, across the 15 mm sam-
ple cell. The containing oil is castor oil, and the tracer particles are the
40 pm polystyrene beads. Image sequence captured by illuminating with a
laser sheet, scattering off the polystyrene beads. All images are 4 second
exposures.
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Figure 4.9: Cluster of capsules fused together, as a result of sintering with
heat while the electric field was on. These clusters could not be separated
into individual capsules without rupturing the wall of the capsules. Cap-
sule diameters range from 0.5 mm to 0.7mm. The image is distorted by
the host oil meniscus, as the capsules are at the side of the sample cell.

4.3.3 Packing density

The amount of particles on the droplet surface was dependent on the initial
number of particles inside the droplet when creating it inside the castor oil. The
electrohydrodynamic flow propelled the polystyrene beads toward the surface of
the droplet, where they were trapped by the interfacial tension. If the number
of particles inside the droplet was too low to cover the surface, as governed by
equation 3.1, no measure could be taken to increase the number of particles in-
side/on the droplet. If the number of particles was too high, the excess particles
were ejected from the droplet, resulting in the right amount of particles to fully
cover the droplet surface. Typically, when the droplet was moved around in the
sample cell from thermal convective flow, a small number of particles would be
ejected from drag. Thus, the sintered capsules typically had a lower packing
density than their pre-sintered ancestors.

For the unsintered droplet in figure 4.2, the packing density is high, and is close
to a perfect hexagonal circular packing fraction in many areas, i.e. close to

“T\/g ~ 0.907 in some regions. For the sintered capsules, however, the packing
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density for small cut-outs ranged from approximately 0.78 to 0.88. Small patches
were still close to hexagonal packed, as can be seen in figure 4.10, but the dislo-
cation rate was higher for sintered capsules than their unsintered counterparts.
The capsules also often had empty patches, reducing the total packing density,

Figure 4.10: Local hexagonal packing can be observed in the rightmost
fragment inside the tube. Empty patches up to 100 pm without particles
are visible on the capsules. The inner diameter of the tube is 580 pm, the
particle size is 40 pm, and the capsules have diameters of 670 pm (top) and
620 pm (bottom).

as is visible in figure 4.11.

The walls of the capsules consisted mostly of a monolayer of particles, as can be
seen in the previous pictures in this chapter (figures 4.6, 4.7a, 4.7b, 4.9, 4.10,
4.11). Some particles are clearly displaced from the droplet interface but are still
attached to the capsule. These outer particles are mostly residues from capsules
that had been fused to the capsule, and broken apart, leaving some particles
behind.

4.3.4 Emptying the capsules

When forming the capsules on the silicone oil droplet, the finished sintered cap-
sules consequently enclosed the oil droplet. For incomplete capsules, it was easy
to separate the capsule material and the oil droplet. But for complete capsules,
due to the small gaps between the sintered beads, mostly smaller than 0.1 mm,
it was not feasible to use a syringe to suck out the oil from capsule. Attempts at
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(a) (b)

Figure 4.11: Closeups of two sintered capsules. (a) shows several spots
without beads, indicating inefficient packing. This photo is after capsule
evacuation and fracturing from pressure driven flow, but this only affected
the side facing the tube. (b) shows a denser packed capsule, with close
to hexagonal packing on the upper right part of the capsule. Capsule
diameters are approximately (a) 750 pm and (b) 630 um. The particles are
40 um polystyrene beads for both capsules.
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dissolving the silicone oil were unsuccessful, as there was not any available solvent
that could dissolve the silicone oil, without harming the polystyrene bindings
in the process. Adding the droplets in water did not improve the situation, as
some enclosing castor oil would follow, and was impossible to fully remove due
to surface tension.

The best way to remove the inner droplet, isolating the capsule itself, was found
by an accident, while withdrawing oil with a syringe pump, where the syringe tip
inner diameter was smaller than the droplet. Using a low rate of withdrawal, the
capsule with the droplet inside was pulled to the tip, where it was stopped by tip
diameter being too small. When the withdrawal rate was low enough to not break
the capsule, the droplet inside was sucked through the capsule wall, isolating the
capsule itself with castor oil both inside and outside the capsule. This method
was further inspected in micropipette aspiration experiments at Aalto University
in Finland.

Using this method, the droplet inside was found to escape for flow rates of roughly
0.05mm?3s~! and higher. This value is strongly dependent on the size of the
droplet enclosed, as the host fluid flow must be able to pass around and into
the micropipette, and as the Laplace pressure increases inversely proportional
to the droplet radius. But the first capsule fracturing occurred from flow rates
of 0.20mm3s~! and higher, so there was no difficulty in getting the capsule
drop securely ejected without breaking the capsule itself in the process. One
such instance of capsule depletion is shown in figure 4.12. A video of the entire
depletion is available online at the web address http://folk.ntnu.no/fossumj/
asbjorn/CapsuleDepletion.avi, and the sequence is also displayed in appendix
B.

The emptied capsule could then be either moved to a different phase or isolated
completely. Empty capsules were transferred to ethanol, where residue castor oil
could be dissolved. Then, the capsule could be further transferred to water, or
air, as ethanol both is soluble in water, and evaporates quickly. This allowed for
example the fragments to be examined in SEM, as is shown in section 4.3.6.

4.3.5 Mechanical properties of the capsules

The strength of the sintered capsules was found to depend on several factors.
One of the factors determining capsule strength was the effectiveness of packing.
Higher packing density implies more particles per interface area, a higher number
of contact points between the polystyrene beads, and thus a higher mechanical
strength.

The packing density thus also influenced how well the capsules resisted pressure
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Figure 4.12: Depletion of enclosed oil for a sintered capsule. The resulting
droplets were highly monodisperse in the beginning, but fluctuated more
when the encapsulated oil reservoir was closer depletion. The encapsulated
droplet itself is visible inside the capsule, and the edge is highlighted with
a red dashed line. Capsule diameter is 825 pm, and droplet diameters for
the two free droplets are both 330 pm.

driven flow. The setup for micropipette aspiration experiments at Aalto Uni-
versity in Finland relied on a flow from pressure difference, from having a lower
pressure in the end of the tube compared to the opening in the Petri dish with
capsules. Originally intended for soft droplets, the setup was for measuring the
aspiration length as a function of time with constant pressure, which could then
have been used for calculating Young’s modulus for the material [62]. But due
to the gaps in between the polystyrene beads, the pressure induced flow was
let straight through the capsule. This fluid flow was then instead used to get a
measure of the strength of the capsule. Slowly increasing the pressure difference,
the response of the capsule was recorded.

The capsules did not deform elastically to any noticeable extent, as they were
too rigid, and too brittle for that to happen. The capsules themselves did not
show any response to increased fluid flow, until they suddenly fragmented, where
patches fell off. The fracture events are listed in the scatter plot in figure 4.13.
As can be seen in the scatter plot, the capsules never fractured or deformed
below 0.22mm?®s~!. For these measurements, the pressure difference (and as
a result, the fluid flow) was slowly decreased. The pressure was adjusted from
ambient (1bar) down to Obar (vacuum), with steps of 1mbar. Typically, the
pressure was slowly increased in the beginning of each experiment, and as the
experiment proceeded, without any visible change in the capsule, the pressure
increase was turned up with higher intervals.
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Figure 4.13: Scatter plot of fracture events, with the pipe castor oil flow
rate shown on the z-axis. This is thus the amount of fluid being suctioned
through the capsule. Each separate colour is a separate capsule, as can
be seen in the figure legend, showing the capsule diameters for the specific
capsules. The circle sizes indicate the estimated number of polystyrene
beads being torn away of the capsule for each event, with the smallest
circles being < 10 particles, and the largest being up to 200 particles.
Polystyrene beads of size 40 pm were used for all these capsules.

An example of this was for the 825 pum capsule, which gives an estimated enclosing
volume of 0.29mm?3. The capsule was first emptied of silicone oil by setting the
pressure to —40 mbar, which created a fluid flow of approximately 0.05 mm?3s~?.
When the capsule was empty, the pressure was set back to ambient (0 mbar, and
then suddenly down to —900 mbar, or a fluid flow of 1.06 mm?>s~!. This led to
the capsule fracturing into several pieces, as two still frames from the event shows

in figure 4.14.

Although this was a limited number of data points, it shows that the sintered
polystyrene bead capsules can withstand some fluid flow passing through them,
and that they do not deform in the process. The minimum fluid velocity required
in these limited experiments was 0.22 mm?3s~!. All capsules in these experiments
had varied sizes and packing, so while the tests are inconclusive, they show the
possible great strength of the capsules.
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(c) t=1.65s (d) t=21s

Figure 4.14: Capsule fracturing event, where a capsule ruptured due to a
sudden pressure change, from O mbar to —900 mbar, inducing a fluid flow
change from 0mm?®s~! to 1.05mm3s~!. The four pictures show before
and after the rupture, 2.1s apart. This is the same capsule as in figure
4.12. The capsule was fused together with one other capsule on each side,
but this is not believed to have had an impact on the local fracturing itself.

The influence of an encapsulated droplet

As described in section 4.3.4, it was possible to remove the droplet inside the
capsule. This droplet removal had great impact on the strength of the capsule,
as the surface tension of the droplet inside contributed in resisting mechanical
deformations. Also, the droplet helped the particles stay spherically shaped
by trapping the particles on the oil-oil interface even after the capsule itself got
crushed to pieces, returning the sintered capsule to a soft armoured droplet. This
armoured droplet had some mechanical strength entirely from droplet surface
tension, compared to no structural integrity for a completely crushed empty
capsule, which would collapse if crushed under a too high force.

The capsule, either with a droplet inside or without, was placed in a 1 cm square
cuvette (see figure 3.10), filled with the same host medium as in the capsule
fabrication process: castor oil. A small glass plate was attached to a micrometer
screw, which was lowered 20 pm every 15s. After deforming the capsule, the
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4.3 Sintering polystyrene particles into capsules

glass plate was lifted.

For a capsule without a droplet encapsulated, it was crushed from the top down,
with the top being destroyed, while the bottom was still intact. When the glass
plate was lowered far enough down, the capsule split into fragments, folding
outward. When the plate was lifted afterwards, the capsule was stretched, due
to the viscous forces in the host fluid. The separate fragments were still sintered,
but loose from each other. This is all shown in figure 4.15.

Conversely, a capsule with an encapsulated droplet fragmented all over immedi-
ately as the droplet inside would deform equally on the top and on the bottom.
When the plate was lifted, the capsule still appeared intact, even though the
fragments were loosely attached to the surface of the droplet. To severely detach
fragments from the droplet, the capsule-droplet combination had to be com-
pressed down to approximately 1/3 of the original height. This is shown in figure
4.16.

From the images in figure 4.15 and 4.16 it is clear that the capsules are brittle,
no matter if the capsules are encapsulating droplets or not. But for the ones
encapsulating droplets, the capsules are almost always returned to an apparent
original state, unless the capsule is heavily compressed, so that the capsule is
beyond repair of the supporting droplet Laplace pressure. This means that if an
object is put inside the capsule, a capsule with a droplet would sustain much
more injury than a capsule without a droplet. It should still be noted that
the colloidal armour from the fractured capsule is still significant in aiding the
structural integrity of the capsule-droplet combination, as has been shown in
other experiments where droplets with unsintered colloidal armour can resist
two coalesced droplets from fusing to one spherical droplet, but instead form an
asymmetric arrested capsule [8, 63].

4.3.6 The sintering process

The glass transition temperature is commonly defined as the temperature where
the dynamic viscosity of a material crosses 102 Pas (see section 2.6 for more
detail). Rising the temperature over the glass transition temperature reduces
the viscosity, and vice versa. Thus, to define a point where two polymer beads
will sinter, is difficult. Previous experiments show that heating polystyrene to
the glass transition temperature gradually fuse the particles together, depending
on how long the heating is retained [64].

With this knowledge, and a glass transition temperature of estimated 100 °C for
polystyrene [50], the heating plate was set to 150 °C, typically resulting in a mea-
sured temperature in the sample cell in the range of 90 °C to 100 °C. The heating
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(a) (b)

(¢) (d)
() (f)

(g)

Figure 4.15: Image sequence of capsule crushing with no droplet inside.
Original capsule diameter was 800 um. Polystyrene bead size was 40 pm.
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(h)

Figure 4.16: Image sequence of capsule crushing with a droplet inside.
Original capsule diameter was 500 pm. Polystyrene bead size was 40 pm.
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was typically kept for 15-20 minutes, ensuring a proper sintering of minimum
5min at the glass transition temperature. Some sintered capsule fragments were
examined with a scanning electron microscope (SEM), allowing much higher
resolution than the previous optical examinations. The capsule fragments were
sputter coated with an approximate 20 nm gold layer.

The SEM showed a wide range of different melts in the joints between the indi-
vidual microspheres, even though the fragments were from the same production
process, in other words produced in the same sample cell simultaneously, thus
experiencing the same conditions, assuming no significant local variations in the
sample cell. From the same production process, there were some fragments with
thick melt around the joints, and some fragments with only small areas of contact,
with several holes in the joints. The angular portion of the melt was observed to
be distributed in the range of 20° to 50°, resulting in neck cross-sections in the
range from 7pm to 19 pm. For sintered microspheres forming triangles, the melt
was sometimes coalesced, as shown in figure 4.17. Wrinkles in the melt were also
observed in some of the joints.
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Figure 4.17: SEM image of sintered beads with excessive melt in the joints.
Wrinkles in the melt can be observed in the lower right part of the image.

A comparison of different degrees of sintering are shown in figure 4.18.
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(b)

Figure 4.18: Comparison of degrees of sintering. All different fragments
were from the same production process, extracted, emptied, cleaned with
ethanol, and sputter coated with 20 nm gold.

As no different conditions were used for the different fragments in figures 4.18a,
4.18b, and 4.18c, it is difficult explain the differences observed. The fragments
were rinsed in ethanol. The fragment in figure 4.17 was rinsed in ethanol for
several hours, while the three fragments in figure 4.18 only were rinsed for ap-
proximately ten minutes each. No correlation between rinsing and amount of
melt was observed, and polystyrene is also not soluble in ethanol [60], so it is not
believed to have an impact on the amount of sintering melt.

4.3.7 Estimating the effect of electric field

There were attempts at producing capsules with no electric field during the entire
creation procedure, to see whether there was any use of the Taylor-Melcher flow,
or if the capsules could just as well be made without any electric field.

The electric field was originally used to propel the particles inside to the droplet
interface, as described in section 2.5. With no electric field on, the particles would
have to diffuse to the oil-oil interface by themselves, either by thermal diffusion,
by the convection while sintering, or by sedimentation, as they had higher density
than the oil (1050 kg m~2 versus 970 kg m~—3).

Experiments without any electric field showed that all particles indeed were trans-
ported to the droplet interface, but they only partly covered the droplet surface,
creating thick layers, 3-5 particles in thickness, and were highly uneven.

Thus, it was concluded that the use of an electric field and the Taylor-Melcher
effect was highly necessary for the results.
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4.4 Sintered capsules with added metal beads

Previous experiments with soft unsintered capsules on droplets have shown that
metal and plastic beads can be mixed, to produce a binary composite structure on
a droplet, of a conductive armour forming longitude grid lines with poles toward
the electrodes, and an insulating armour forming the equator, normal on the
conductive armour [42]. The amount of particles in the droplet can be adjusted
to fully cover it by a mixture of conducting and insulating particles.

This was performed with mixtures of either polyethylene or polystyrene parti-
cles, coupled with silver coated glass beads. Using Cospheric SLGMS-AG-2.55
45-53um silver-coated glass beads, mixed with one of the two polymers, droplets
with both insulating polymer and conductive silver-glass beads could be pro-
duced. It was attempted to fabricate droplets with a controllable ratio of polymer
beads to silver-glass beads, but it was hard to mix a homogeneous sample of oil,
polymer, and silver-glass, due to the strong sedimentation of the heavier silver-
glass beads (densities of 2.55gcm ™3 for the silver-glass beads, 1.05gcm ™3 for
both the polyethylene and polystyrene beads, and 0.970 gcm ™2 for the silicone
oil inside the droplets).

Soft unsintered capsules fully covered by polyethylene and silver-glass beads were
successfully fabricated, as can be seen in figure 4.19a. Due to the low melting
point of polyethylene and lack of a significant glass transition temperature, when
heated, the polyethylene melted into blobs. If the ratio of silver-glass beads
was significant enough, the blobs did not coalesce, but stayed separated by the
silver-glass beads, as can be seen in figure 4.19b. This droplet was then still
soft, as the silver-glass beads first start to soften at temperatures above 650 °C,
according to the supplier.

However, with polystyrene, the polymer beads successfully sintered at the glass
transition temperature, trapping the silver-glass beads on the surface, as can be
seen in figure 4.19c.

In figure 4.19¢, the metal beads do not follow the same nice grid line pattern as
on the droplet in figure 4.19a. Some reasons for this are the heat convection,
tumbling the droplet over its own axis, not allowing the conductive beads to set-
tle in a stable electrical pole-to-pole arrangement on the drop. Another reason
is the dense packing on the droplet surface, being so dense that the beads are
arrested, unable to move, even under the influence of the electric field.

Due to these reasons, together with a desire to focus on the main task of pure
polystyrene covered droplets, no further experiments were done with the conduc-
tive silver coated glass beads.
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(a) (b) ()

Figure 4.19: Polymer capsules with interlaced silver-glass beads. (a) de-
picts a soft polyethylene capsule before being heated. (b) shows another
polyethylene capsule, but after reaching the melting point of the polymer.
The capsule is still soft, as the polymer melt blobs are not connected. (c)
shows a sintered polystyrene capsule. The silver-glass beads are the grey
particles in all three images. Capsule diameters are (a) 740 pm, (b) 810 pm,
and (c) 820 pm.
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Chapter 5

Discussion

In this thesis, capsules have been produced by the sintering of polymer beads.
While the title of this project has no common previous sibling in literature, it
certainly has ancestors, as the techniques and processes outlined in this thesis
all are built up from previous scientific work. I will here discuss the results and
refer to previous work that, while not being entirely similar, is at least relevant
to this work.

5.1 Droplet deformations

As outlined in the theory chapter, the research of droplet deformations in electric
fields stretches at least back to 1953, with O’Konski and Thacher’s paper on
“The distortion of aerosol droplets by an electric field” [27]. But the field did not
mature until 1966, when the work of Geoffrey Taylor was published, considering
the viscous forces in the droplets, giving rise to the circulating flow inside the
droplets, as shown theoretically in figure 2.6 [32]. The same circulating flow
has been observed experimentally, here in figure 4.3a, in Taylor’s publication
itself, in addition to several other publications [33, 38, 42, 65]. Furthermore,
the circulating flow has recently been verified numerically [66-70]. Although the
theoretical data qualitatively matches the experimental observations (such as the
pattern of streamlines and predicting prolate versus oblate deformations), there
is still significant mismatch on a quantitative level between the values predicted
by theory and the ones measured in experiments.

In the end of section 4.1, it was mentioned that the experimentally measured
droplet deformation was not in accordance with the theoretical value (measured
D =~ —0.020, compared to calculated value of D = —0.0088). While this is not a
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major result in this thesis, it is important to note that this discrepancy is widely
acknowledged. Torza et al. did an extensive study on droplet deformations, both
for DC and 60 Hz AC fields, and found that while the Taylor-Melcher theory did
correctly predict whether the deformation was oblate or prolate, the measured
deformation was always greater than the one predicted by theory, the measure-
ment typically being more than a factor two off the theoretic value [34, 38]. This
seems to support the recorded value in the measured deformation presented in
the results-chapter (see section 4.1). Several attempts have been made to fix the
Taylor-Melcher theory, but so far without complete success [71, 72].

In addition, the Taylor-Melcher theory is for unladen droplets (droplets without
any surface coating). Adding particles to the oil will change the response to
the electric field, either by adding conducting particles that effectively short-
circuiting the droplet, or by adding a mechanical armour around the droplet,
resisting deformations [8, 42, 57, 73].

The calculation for the deformation is found in equation 2.31. It should be
noticed that in addition to the surface tension -y of the interface, also the conduc-
tivity ratio o, and the viscosity ratio u, affect the deformation of the droplet.
These values can be difficult to measure precisely, especially the conductivities,
as the oils are such good insulators that they almost do not conduct any electric-
ity. The values used in the calculations, shown in table 3.1, were from previous
experiments on the same oils, but these values themselves were uncertain, as the
oils in some cases were past their expiration dates. But as these experiments
were qualitative, the previously obtained values were considered good enough.

5.2 The glass transition of polyethylene

The glass transition temperature 7, has several definitions without a proper
rigorous background, as already mentioned in the theory chapter (see section
2.6 for more detail). Some sources define the T, as the temperature where the
viscosity of the polymer crosses 1012 Pas [48], while other sources define it as the
temperature where a polymer melt solidifies without crystallising or changing
volume, but where the specific heat is discontinuous [74].

Polyethylene beads were used in some experience, as outlined in sections 4.2.2 and
4.4. Even though T, for PE is reported to be —125°C [50], the PE beads did not
show any signs of sintering until reaching their melting point at approximately
105 °C. Due to the lack of sintering, a calorimetry measurement was carried out
on the PE microspheres, as show in figure 5.1. In total, the polyethylene sample
was measured from —50 °C to 219 °C, and the data did not show any other peaks
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Figure 5.1: Calorimetry results, analysing Cospheric UVPMS-BR-1.050
45-53 pm beads. Both cooling and heating was performed, with a temper-
ature gradient of both 1 °Cmin~" (solid lines) and £5°Cmin~! (dashed
lines). The melting point appears as a peak, which for the different cool-
ings/heatings is at the temperatures from 106 °C to 110 °C. Measurements
performed at Institute for Energy Technology (IFE), Kjeller by Geir Helge-
semn.

or transitions than those shown from the temperature range of 80 °C to 120 °C.
The figure shows a big spike for the melting in the range 106 °C to 110°C, but
no glass transition, as this happens at much lower temperatures.

The melting temperature observed in figure 5.1 is quite far from the literature
value of 138°C [50]. This is likely due to the quality of the polymers themselves,
as the melting point is dependent on the degree of polymerisation, which can vary
for different polyethylene products [49, 75]. This is especially true for the glass
transition temperature, which for polyethylene has been calculated to temper-
atures ranging from —135°C to —10°C, with one publication even stating that
their “method of detecting a glass transition ... is relatively freer of subjective
judgement than most” [76-78].

The reason for the wide span in the measured glass transition temperature of
polyethylene, can be found in how polyethylene crystallises. It crystallises very
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easily, making it unable to form a glass transition, as it requires an amorphous
state below the melting temperature [77].

While polyethylene is highly crystalline, polystyrene is completely amorphous,
allowing a properly defined glass transition, reported in the range of 100°C to
105°C [50, 51, 74, 78]. Therefore, polystyrene is in a rigid glassy state at tempera-
tures well below the glass transition temperature T;. When polystyrene is heated
up to its glass transition temperature, it behaves like a rubber with high internal
friction. Polystyrene at its T}, unlike rubber, has no chemical cross-links, but
rather molecular entanglements, giving rise to a quasi-rubber-elastic behaviour
[79]. Reaching the melting point at approximately 240°C, it melts to form a
Newtonian liquid. For the experiments in this thesis, the polystyrene beads were
heated to the glass transition temperature, and successful sintering was observed.

5.3 The strength of the capsules

The strength of the capsule is hypothesised to be partly dependent on the degree
of sintering, i.e. the amount on melt combining the polymer beads. In figures
4.18 and 4.17, several capsule fragments are shown, all from the same fabrication
process, from the same sample cell, at the same time, thus experiencing equal
temperatures. Nevertheless, the amount of melt in the figures is widely varying,
from an angle of 20° for the fragment depicted in 4.18c, to connected melt be-
tween the different particles in 4.17.

This large difference in melt for fragments that should have experienced the same
conditions was perplexing. This could be explained by a net electrostatic charge
on the beads, indicated by the wrinkles in figure 4.17 (excluding oil remains), and
the consistent amount of melt on all beads in the fragment (excluding polymer
anisotropy). The electrostatic charge can force the beads tighter together for
some fragments more than other, and thus increase the ability for sintering of
the viscoelastic polystyrene at the glass transition temperature.

It is further shown in section 4.3.5 that the enclosed droplet has a great impact
on the overall rigidity and strength of the capsule. It is noted that the capsule
with a droplet enclosed could resist compression down to 1/3 of its original size
without being fatally destroyed. This is consistent with previous results with lig-
uid marbles (aqueous liquid droplets coated with a hydrophobic powder), which
have been shown to be able to sustain reversible deformations of 30 % of their
original size [80]. Although the measurements for the liquid marbles are con-
ducted for water droplets in air, with much higher surface tension than for the oil
emulsions presented in this thesis; the similar result give support to the hypoth-
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esis that the enclosed droplet has a great influence on the strength of the capsules.

Further, the packing density and size of the capsules are thought to influence the
strength of the capsule. Higher packing density increases the bead count on the
capsule, increasing the number of melted joints between the beads. A smaller
capsule will have higher Laplace pressure, given by
Ap — 2’YSi—Cast0r (51)
R
for spherical droplets. Thus, the rigidity of the droplet will increase for higher
curvatures H = 1/R, as the internal pressure rises. As smaller droplets have
smaller surface area, with less space for beads, it’s difficult to assess whether
a capsule would fare better for smaller capsule diameters. It was attempted
to reduce the size of the capsules during fabrication, but it was not feasible by
producing the droplets manually using a 2 pl. micropipette. A finer micropipette,
or an alternative method for droplet production, such as a microfluidic chip is
required for further reduction in droplet size.

5.4 The fabrication, and further possibilities

The methods for fabricating the capsules is described in chapter 3. However, this
is not the only way of fabricating sintered capsules. Experimental research on
micro- and nanocapsules is a field of particular interest at the current time, with
much work being done on soft matter since the turn of the current millennium.
Much work is especially being done on colloid-based capsules of sizes 100 pm and
down to 100nm, using techniques including UV-curing [9, 81], van der Waals
forces [11], glass transition [16, 51|, gels [82], or polymerisation with [83, 84] and
without [85-87] organic polymers.

However, most of the experiments mentioned result in completely covered cap-
sules, which in some cases can lead to bursting of the capsules [16]. Using the
method presented in this thesis, i.e. sintering by utilising the glass transition of
polystyrene, the coating is made porous, allowing mass transfer and emptying
through the walls, although the pores can optionally be removed by sintering
over a longer time [64].

The diameters of the capsules fabricated in this master project ranged from
0.4mm to 1.2mm. This is a territory mostly unexplored by other experiments.
A reason is possibly the method of assembling the particle layer on the interface,
which for many experiments involve spontaneous particle adsorption from the
outer fluid by Brownian motion. This leads to the particles being trapped by
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the difference in surface energies, which favours adsorption if the surface tension
between the inner and outer fluids is greater than the difference between the
surface tensions for the particle and each of the fluids [5, 51, 53]. While the
diffusion rate for sub-micrometre particles is relatively fast, mere minutes for
diffusing a couple of micrometres in low viscosity oils (~ 1072 Pas), the diffusion
rate for a 40 pm particle in a 1 mm silicon oil droplet can be many years [42].
Therefore, for this experiment to work, external guiding was needed, in the form
of the electrohydrodynamic flow from the external electric field.

Especially for the small particle sizes (10 pm and 20 pm), particles were ejected
from the interface when heated. The interfacial surface energy binding the 40 pm
particles to the oil-oil interface is characterised by [53]

AE ~ 7r%si_castor & 6 x 10712 J. (5.2)

This binding energy even for the smallest particle size is more than 107 times
greater than the thermal energy, so it should be a stable system even at high
temperatures. But due to the thermal convection in the host fluid, the particles
experience a Stokes drag doing a work on the same scale as the binding energy,
giving the thermal convection the ability to carry the particles away from the
oil-oil interface.

This can thus be counteracted by increasing the binding energy or reducing the
drag on the particles. While it is not trivial to change the particle sizes or fluids
entirely to maximise the binding energy, an easier solution could simply have
been to swap the inner and outer fluids, while still having the particles inside
the droplet, which would in this case be castor oil. This way, while insufficient
particle numbers now form pole patches instead of a equatorial ribbon [88], the
outer fluid would have a greatly reduced viscosity, compared to the droplet,
reducing the Stokes drag. Furthermore, particles had an affinity to the castor
oil, as shown in figure 5.2. By swapping the oils, the particles would be mostly
inside the droplet, shielded from much of the convective flow. The oils were never
swapped in these experiments.

Further improvement for smaller particle sizes could possibly have been achieved
by reducing the thermal convection. Especially promising is the possibility of
creating a microfluidic chip for the fabrication of the capsules. It has already
been shown that it is possible to fabricate monodisperse droplets with a control-
lable amount of particles using a microfluidic chip [17]. Although this entirely
new setup most certainly introduced new challenges, the possibility of precisely
controlling the capsule production is for sure intriguing. Using a microfluidic
chip, the thermal convection could be greatly reduced, as the droplets are more
tightly confined, and the heating could be more directly applied on the soft
capsules, also reducing the time from heating up the entire sample cell. For
further work with Janus capsules, a microfluidic chip also seems like a better
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Figure 5.2: Polystyrene particles showing affinity to the outer fluid, with
the outer fluid being castor oil, and the inner fluid being silicone oil. This
is a cut-out of the photo in figure 4.1b.

setup than the one used in the experiments for this thesis, as the positions of the
droplets can be more precisely controlled upon coalescence.

As for other future work, several possible improvements can be proposed. These
experiments were mostly qualitative, and the results are based on visual ob-
servations and photos through optical microscopy, in addition to a SEM. The
physics behind the fabrication of the capsules is diverse and interesting. Here
follows some possible improvements and more exact studies on different aspects
encountered during the year these experiments were conducted.

The crushing of the capsules, as presented in figures 4.15 and 4.16, could have
been quantitatively recorded by using a mass weight under the cell containing
the capsule [80]. This way, the rigidity of the capsules could have been measured,
giving more rigorous data on the differences by having an enclosed droplet or not.

The images from the SEM are interesting, especially considering the various de-
grees of melt on fragments of capsules from the same sintering process, as shown
in figure 4.18. An entire project could have been done on this alone, analysing
the differences in amount of melt, possibly finding correlations with the sintering
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time and temperature, and capsule size. Also finding the correlation on amount
of melt and capsule strength would be interesting to have. While no complete
capsule could be analysed in a SEM for this thesis, more work on the process
of removing oil could possibly allow complete capsules to survive until a SEM
analysis.

An important part of utilising these capsules involves the removal of the enclosed
droplet. Due to the high viscosity of the outer fluid, the fluid resistance was very
high, making it difficult to precisely control the fluid flow in the micropipette as-
piration experiments. With more capsules, lower fluid viscosity, more controlled
fluid flow, and more consistent capsules, a more rigorous statement could have
been drawn from the results than was possible with the six capsules analysed here.

In general, with more data comes better results, so for further work, more cap-
sules, and more consistent capsules, the physics of these capsules could be better
understood.

5.5 The use of microspheres

The experiments in this thesis show a wide use of microbeads of either polyethy-
lene or polystyrene, ranging in diameters from 10 pm to 50 pm. The microbeads
were used as the capsule materials for the capsules presented throughout the
thesis, and as tracer particles in figure 4.8. Although only a few grams of mi-
crobeads were used in total during the year of this master project, the use is
contributing to the increasing problem of microplastics. The term microplastic is
usually defined as the plastic debris smaller than 5mm, with no lower bound of
size [89]. The lack of a lower bound is due to the inability to capture and detect
particle sizes smaller than 20 pm, although it is likely that even smaller particles
of plastic debris exists in the environment.

The field of microplastics has seen a large rise in publications in recent years [89],
and is a global problem, with plastic pollution being found in nature, especially
marine environments [90, 91]. Microplastic has been found to affect the marine
life, as animals digests the micrometre sized particles [90, 92-96]. These mi-
croparticles have been shown to have negative consequences [97, 98|. Although
some species can survive high concentrations of polystyrene microspheres, the
chronic and long-term effects for the ecosystem are still not known [96, 97].

Due to the rise of microplastic levels in the ocean, much focus has been put on
how to reduce the pollution, in addition to bans on some products containing
microbeads in several countries recently [99]. Although the use of plastics in
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society has brought many benefits, the problem seems to be the large number of
emissions of plastics into the ocean [89, 100].

The emission of microparticles can be counteracted with waste reduction and
better recycling routines. As a possible use for capsules in the micrometre to
millimetre range could be in medicine, stable insoluble polystyrene capsules are
not a good fit for the task. For further research, a more biodegradable material
would be preferable if the capsules were to be used outside of a lab. Polystyrene
capsules can have their relevant fields of use, and the results from the experiments
performed in this thesis are indeed promising.
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Chapter 6

Conclusion

Figure 6.1: An example of a highly spherical capsule fabricated from sin-
tering 40 pm polystyrene beads on a silicone oil droplet, after assembling
the particle layer on the oil-oil interface by utilising electrohydrodynamics.
The capsule has an approximate diameter of 600 pm.

Summarising. in this thesis we have examined the fabrication of capsules from
the sintering of polymer beads. Such a capsule is shown in figure 6.1.

Silicone oil droplets with particles inside were made with a micropipette in
a rectangular sample cell containing castor oil, making droplets ranging from
100 pm to 2000 pm. The particles, which in this thesis consisted of either wax,
polyethylene, or polystyrene, were propelled to the surface of the droplets by
fluid flow induced by applying an electric field of 200 Vmm™!, as described by
the Taylor-Melcher leaky dielectric model. By covering the entire droplet in
particles, a soft arrested droplet was produced.
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It was attempted to fabricate capsules of droplets covered in melted wax, but
due to the melted layer of wax being too weak and brittle, no structural support
was gained by the droplet.

Attempts to fabricate capsules of polyethylene were also unsuccessful, as polyethy-
lene does not experience a glass transition, as it is highly crystalline. Also, the
interfacial tensions for melted polyethylene in silicone oil and castor oil favours
partly engulfed drop pairs, as opposed to double emulsions.

Using beads of polystyrene, which is amorphous, spherical capsules were fab-
ricated by sintering the beads at the glass transition temperature, which is at
approximately 100 °C. Capsules were fabricated for bead diameters of 20 pm and
40 pm, but the smaller sizes of beads were weaker attached to the oil-oil interface
due to the reduced surface energy. This reduced surface energy resulted in beads
being ejected from the drop surface, inhibiting the production of well-covered
capsules. Thus, only the 40 pm capsules were further analysed.

The capsules were analysed using optical microscopy and scanning electron mi-
croscopy, in addition to probing using an experimental setup for micropipette
aspiration. The capsules showed packing densities ranging from 0.78 to 0.88,
although some capsules had larger patches without particles, while other parts
were close to the theoretical maximum of hexagonal packing. Different por-
tions of melt were observed between the sintered polystyrene particles, ranging
from 20° to 50°, to melt from different joints coalescing. The variation in melt is
attributed to variations in net electrostatic charge for different capsule fragments.

The capsules could be emptied of the encapsulated oil by attaching the capsules
to a syringe tip with a smaller tip diameter than the capsule itself and sucking
the inside oil out. These emptied capsules could then further be transferred to
other media, such as water or ethanol, and could also be dried. Dried capsules
mostly collapsed, and it was found that the encapsulated droplet had great influ-
ence on the strength of the capsule. The encapsulated droplet also allowed more
mechanical deformation, as the surface energy of the inner oil droplet allowed the
layer of beads to recover to a spherical shape, even though the effect of sintering
itself was cancelled.

Finally, capsules with added metal-coated glass beads were briefly examined.
Capsules with binary composite structure were successfully fabricated, where the
insulating polystyrene beads trapped the conductive beads by sintering at the
glass transition temperature.

For future work, more quantitative analysis is recommended, and with more
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capsules, as the limited scope of this project did not allow analysis of a large
data set. While this thesis shows much of the possibilities for the capsules, it also
shows many directions further studies could go. Some of the aspects of this thesis
that could be further investigated include the variations in melt from sintering,
measures of the mechanical strength of the capsules, varying sizes of beads,
varying sizes of droplets, and other capsule materials. Especially biodegradable
materials would be interesting to use, as the current polystyrene capsules are not
degradable in nature.

As a conclusion, these experiments show just some of the great versatility of sin-
tered capsules, indicating great promise for future studies on the subject.
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Appendix A

Source code

Some computer code was written during the work on this masters project to
reduce the workload while in the lab (in the case of the two first scripts), and to
make nice figures (the last two scripts). That code is shared here, so that anyone
who does something similar in the future will not have to spend as much time as
I have in the effort of creating nice looking figures.

A.1 Arduino UNO code

A.1.1 Voltage monitoring

Here follows code in C used to get an Arduino UNO to record the current applied
voltage. To save the voltages to a text file on the computer, the GoBetweino!
software was used.

void setup() {
// Set up data rate of 9600 bps
3 Serial.begin (9600) ;
}

int sensorValue = 0;
int count = 0;

: int clickSpeed = 10;

) int clicks = 53

int refreshSpeed = 1000; // 500 is too small, as GoBetwino gets too much
information

void loop() {
while (count < clicks)
{
sensorValue += analogRead (AO);
count ++;
delay (clickSpeed);

'https://web.archive.org/web/20171113125718/http://wuw.mikmo.dk:80/
gobetwinodownload.html
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}
// Get the voltage at analog input O

float voltage = (float)sensorValue / (float)clicks * 5.0 / 1023.0;

// / count*maxV/ resolution
sensorValue = 0;
count = 0;

char buffer [50];

Serial.print ("#S|VOLTREAD|[");

Serial.print (itoa((voltage*1000), buffer, 10));
Serial.println("]#");

delay(refreshSpeed - clicks*clickSpeed);
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A.2 Python code

A.2 Python code

A.2.1 Electric field subtitle on recorded videos

The following Python code was used to save the voltages recorded from the
Arduino code in section A.1 to a video .srt subtitle file.

1 # -*- coding: utf-8 -*-

5 muw

3 Created on Mon Jun 18 09:49:16 2018

A

5 Qauthor: asbjortk

7 Create subtitle in .srt format from voltage readout from GoBetwino (Arudino
8 data extractor).

9 Takes in video length and start time, and then for each voltage line finds
10 video play time, and extracts voltage.

12 .srt format information from https://en.wikipedia.org/wiki/SubRip

14 VoltageReading.txt output format: "18.06.2018 09:34:44;663", for 663 mV

16 IMPORTANT: This script won't work if the film is over one hour in duration!

-
0o

This is an edited script, where we create .srt's for all videos in the folder

of the current day
i

from datetime import datetime, timedelta # read time from string
import numpy as np
import os

NN NN
W oN e

b

def timeStr (now):
string = str(now)
if len(string) == 1:
string = '0' + string
return string
else:
return string

NN N NN
.

© 0

W W W W N
[

34 today = datetime.now ()
35 parentDir = ('C:\\Users\\asbjortk\\Pictures\\' + timeStr(today.year) +
36 '_'" + timeStr (today.month) + '_' + timeStr (today.day) + '\\')

38 videoLength = 12 * 60 # Max videolength tends to be 12 min, as MOV's exceed 4

GB
39 cellWidth = 15.0 # millimeter
40 logInterval = 1.0 # writes every x seconds

11
42 for file in os.listdir (parentDir):

43 if file.lower().endswith(".mov") or file.lower().endswith(".mp4") or file.
lower () .endswith (" .mdv"):

14 srtName = parentDir + file[0 : len(file) - 4] + '.srt'

15 srtID = open(srtName, 'w')

a7 videoStartStamp = srtName[38 : srtName.find('-No')]
48 videoStartTime = datetime.strptime(videoStartStamp, '%Y_Y%m_%d-%H_%M_%S
")
50 with open('Z:\Arduino Sketches\Voltage_measurement\VoltageReading.txt'
) as f:
lines = f.readlines()
53 prevTime = datetime(1,1,1,1,1,1) # beginning of time

54 line = 0

T
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for i in range(len(lines)):

semicolon = lines[i].find(';"')

timestring = lines[i][0 : semicolon]

linebreak = lines[i].find('\n')

voltageString = float(lines[i]l[semicolon + 1 : linebreak])

timestamp = datetime.strptime(timestring, '%d.%m.%Y %H:%M:%S"')

frameStart = timestamp - videoStartTime
frameEnd = timestamp - videoStartTime + timedelta(seconds =
logInterval - 1)
if frameStart.days >= 0 and frameStart.seconds < videolLength: # -1
if in the past
line += 1
srtID.write('%i\n' % line)
srtID.write('00:%i:%i,000 --> 00:%i:%i,999\n"' % (
np.floor (frameStart.seconds / 60),

frameStart.seconds - np.floor(frameStart.seconds / 60) x
60,
np.floor (frameEnd.seconds / 60),
frameEnd.seconds - np.floor (frameEnd.seconds / 60) * 60))
srtID.write('%.0f V/mm\n' % (float(voltageString) / cellWidth)
)

srtID.write('\n') # end of subtitle
prevTime = timestamp

srtID.close ()
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A.2 Python code

A.2.2 Plot of dielectric sphere field lines

To plot the figures 2.4 and 2.6, Python and the matplotlib package was used. To
recreate the figures, simply run the two scripts.

# -*- coding: utf-8 -*-

Created on Mon Mar 4 10:13:25 2019
Plot dielectric sphere

Qauthor: Asbjgrn Torsvik Kriiger

import numpy as np
import matplotlib.pyplot as plt
import copy

res = 1001

R =1

border = 2

ein = 3

eout = 1

er = ein / eout

def Exy(x, y, EOx, EOy):
EO = np.sqrt (EOx**2 + EOy*x2)
r = np.sqrt(x**2 + y*x*2)

Ex = np.zeros((res, res))
Ey = np.zeros((res, res))
Er = np.zeros((res, res))
Etheta = np.zeros((res, res))
theta = np.zeros((res, res))

for i in range(len(Ex)):
for j in range(len(Ey)):
thetali,j] = np.arctan2(yl[i,jl, x[i,jl)
if r[i,jl < R:
Ex[i,j] 3 % EOx / (er + 2)
Eyl[i,jl = 3 * EOy / (er + 2)
else:
Er[i,j] = EO * np.cos(thetali,jl) + 2 * (er - 1)/(er + 2) * R
*x3 * EO * np.cos(thetali,jl) / rl[i,jl**3
Ethetal[i,j] = -EO * np.sin(thetali,j]l) + (er - 1)/(er + 2) * R
*%3 * EO * np.sin(thetali,jl) / rl[i,jlx*3

o

Ex[i,j] = Er[i,j]l * np.cos(thetal[i,j]) - Ethetali,j]l * np.sin(
thetal[i,jl)

Eyli,j]l = Er[i,j] * np.sin(thetal[i,j]) + Ethetali,j] * np.cos(
thetali,j])
return Ex, Ey, r

plt.close("all") # close current open figures

fig = plt.figure()
ax = fig.gca()

xField, yField = np.meshgrid(np.linspace(-border, border, res), np.linspace (-
border, border, res))

EOx =1

EO0y = 0

Ex, Ey,r = Exy(xField, yField, EOx, EOy)
Ex2 = copy.deepcopy (Ex)

Ey2 = copy.deepcopy (Ey)

Ex2[r > R] = np.nan

Ey2[r > R] = np.nan
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stream_points = np.zeros ((15,2))
stream_points2 = np.zeros((int(np.round(len(stream_points)/(border * 2) * (R *
2) * 3/(er + 2))),2))
for i in range(len(stream_points)):
stream_points[i, 1] = i * (border * 2) / (len(stream_points) - 1) - border
stream_points[i, 0] = -border
if len(stream_points2) % 2: # odd
for j in range(int(len(stream_points2) / 2)):
stream_points2[j, 1] = (-j - 1) * (2 + er) / 3 * (border * 2) / (len(
stream_points) - 1)
stream_points2[j + int(len(stream_points2) / 2), 1] = (j + 1) * (2 +
er) / 3 * (border * 2) / (len(stream_points) - 1)
else: # even
for j in range(int(len(stream_points2) / 2)):
stream_points2[j, 1] = (-j - 1/2) * (2 + er) / 3 * (border * 2) / (len
(stream_points) - 1)
stream_points2[j + int(len(stream_points2) / 2), 1] = (j + 1/2) * (2 +
er) / 3 * (border * 2) / (len(stream_points) - 1)

plt.streamplot (xField, yField, Ex, Ey, color='k', start_points=stream_points,
zorder=1)

ax.add_patch(plt.Circle((0,0), radius=R, color='w', zorder=2))

plt.streamplot (xField, yField, Ex2, Ey2, color='k', start_points=
stream_points2, zorder=3)

circ = plt.Circle((0, 0), R, color='k', fill=False, zorder=4)

ax.add_artist (circ)

plt.axis('off"')

ax.set_aspect ('equal')

fig.savefig("Res’iR%iB%iEr%i.pdf" % (res, R, border, er), dpi = 300)
fig.savefig("Res%iR%iB%iEr%i.png" % (res, R, border, er), dpi = 300)

plt.show ()
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A.2.3 Plot of Taylor-Melcher flow

Note that the rasterize_and_save file linked to in the preamble must be run
before this script for Python to recognise the function. Also, a working LaTeX
environment must be installed.

# -x- coding: utf-8 -*-

Created on Sun Mar 17 18:10:05 2019

Plot droplet Taylor streamlines

The rasterize_and_save function requires this file: https://gist.github.com/
hugke729/78655b82b885cde79e270f1c30dal0b5f

It rasterizes the contour plot, so that the plot can be saved in a small PDF,
while having vector text

The lines 20 to 24 require a working LaTeX installation on your computer.
Optionally, the lines can be removed, and Python will use regular sans-serif
font instead

Qauthor: Asbjgrn Torsvik Kriiger

import matplotlib as mpl
import matplotlib.pyplot as plt
import numpy as np

# Use the LaTeX font for the sweet consistency
mpl.use("pgf")

plt.rc('text', usetex=True)

plt.rc('font', family='serif')

plt.rc('pgf', texsystem='lualatex')
plt.rc('pgf', preamble=r'\usepackage{siunitx}"')

plot = True

res = 500
R =1
border = 2

EO0O = 200 * 1000
ein = 2.1x8.85e-12
eout = 4.7%8.85e-12

er = ein / eout

condin = 4e-12

condout = 45e-12

condr = condin / condout

viscin = 1e-4%970

viscout = 1e-3%961

A = -9 % EO**2 * R * ein / (8 * np.pi * (2 + condr)**2) * (condr / er - 1) /
(5 * (viscout + viscin))

B = -A

C = A

D = -A

plt.close("all") # close current open figures

si = np.zeros((res, res))

= np.zeros ((res, res))

.zeros ((res, res))
np.zeros ((res, res))

, ¥y = np.meshgrid(np.linspace(-border, border, res), np.linspace(-border,
border, res))

X << e "
I
]
hel

for i in range(res):
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56 for j in range(res):

57 theta = np.arctan2(yl[i,jl, x[i,jl)
58 r = np.sqrt(x[i,jl**2 + y[i,jl**x2)
B¢

60 if r < R:

61 uli,jl] = (C x r / R + D * r**3 / R**3) * (2 * np.cos(theta)**2 - np.sin(
theta) **2)

62 v[i,jl = (-3 * C * r / R - 5 * D * r**3 / R**3) * np.sin(theta) * np.cos
(theta)

63 Psili,j] = (C * r / R + D * r*x3 / R**3) * np.sin(theta)**2 * np.cos(
theta)

64 else:

65 uli,jl = (A * R**4 / r**4 + B x R**2 / rxx2) * (2 * np.cos(theta)**2 -
np.sin(theta) **2)

66 v[i,j] = (2 * A * R**4 / r**4) * np.sin(theta) * np.cos(theta)

67 Psi[i,j] = (A * R**4 / r**4 + B * Rx*2 / rx*2) * np.sin(theta)**2 * np.
cos (theta)

69 rr = uli,jl]
70 tt = vli,j]
1 uli,jl] = rr * np.cos(theta) - tt * np.sin(theta)
2 v[i,j]l = rr * np.sin(theta) + tt * np.cos(theta)
3 VIi,jl np.sqrt (rr**x2 + tt**2)
|

V =V / np.amax (V)

7 fig = plt.figure ()

s ax = fig.gca()

o seed_outx = np.array([2.0, 2.0, 2.0, 2.0])

80 seed_outy = np.array([0.25, 0.75, 1.25, 1.75])
81 seed_inx = np.array([0.15, 0.3, 0.45])

82 seed_iny = np.array([0.15, 0.3, 0.45])

83 seed_pointsx = np.concatenate([seed_outx, seed_outx, -seed_outx, -seed_outx,
seed_inx, seed_inx, -seed_inx, -seed_inx])

84 seed_pointsy = np.concatenate([seed_outy, -seed_outy, -seed_outy, seed_outy,
seed_inx, -seed_inx, -seed_inx, seed_inx])

85 seed_points = np.array([seed_pointsx, seed_pointsyl)

86 plt.streamplot(x, y, u, v, zorder=1, color='#000000"', linewidth=1,
start_points=seed_points.T, density=10)

87 circ = plt.Circle((0, 0), R, color='k', fill=False, zorder=2)

ss field = plt.contourf(x,y, V, 256, zorder=0, cmap='plasma_r')

80 ax.add_artist (circ)

00 ax.set_aspect ('equal')

91 ax.axis('off')

92 plt.colorbar(ticks=(0.0, 0.2, 0.4, 0.6, 0.8, 1))

o3 fig.savefig("BothRes%iR%iB%i.png" % (res, R, border), dpi=300, bbox_inches='
tight')

94 rasterize_and_save ("BothResiR%iB%i.pdf" % (res, R, border), field, dpi=300,
savefig_kw=dict (bbox_inches="'tight'))
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Appendix B

Capsule depletion image
sequence

The following image sequence shows a capsule being depleted. It is the same
capsule as in figures 4.12 and 4.14, and the diameter is still 825 pm. There is 0.6
seconds between each picture, so the entire sequence spans over 36 seconds.
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B Capsule depletion image sequence
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