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1. Introduction

This thesis is built on a foundation of two fascinating phenomena: superhy-
drophobicity and superparamagnetism. As the prefix "super" implies, these
qualities are something quite extraordinary. In this thesis, they are first ex-
amined separately, starting by investigating the fundamental properties of
superparamagnetic nanoparticle suspensions and critically assessing the wet-
ting characterisation methods of superhydrophobic surfaces. These topics are
then brought together by studying magnetically controlled ferrofluid droplet
dynamics on highly water-repellent surfaces.

Superhydrophobicity means extreme water repellency. Water drops attempt
to minimise their contact with such surfaces, adopting a spherical shape as
shown in Figure 1.1a,b. Due to the small contact area between water and a
superhydrophobic material, drops can move with insignificant friction. This
has enormous application potential in water-repellent clothing,[1] self-cleaning
materials,[2,3] drag reducing coatings[4] as well as anti-icing[5] and anti-fogging
materials.[6] Like with so many other innovations, inspiration for developing
these functions comes from nature.[7,8] The most well-known example is prob-
ably the Lotus leaf, the cleanliness of which has been documented already
thousands of years ago (Fig. 1.1b).[9] The secret of the Lotus is the microscopic
papillae covered in nanoscopic wax crystals on the surface of the leaf, making it
superhydrophobic. This allows water drops to easily roll of off the leaf carrying
away dust and other contaminants, keeping the Lotus dry, clean and healthy.[10]

Superparamagnetism is another striking phenomenon arising from the nano-
world. Normal permanent magnets, which we all probably have on our fridge
doors, are made of highly magnetic iron oxide. If you grind the material tena-
ciously enough, you end up with iron oxide nanoparticles. These are superpara-
magnetic, meaning that they retain a strong response to the magnetic field,
but show no macroscopic permanent magnetisation (they wouldn’t stick to the
fridge door like magnetised bulk material).[11,12] These nanoparticles are small
enough to be dispersed in a liquid without settling down due to gravity. These
suspensions of ferromagnetic material in a fluid are aptly called ferrofluids. The
magnetic response of ferrofluids allows unique control over liquid shape, as can
be seen in Figure 1.1c. Ferrofluids have quite an intriguing history, as they were
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Figure 1.1. Superhydrophobicity and ferrofluids. a) Spherical droplets rolling on a superhy-
drophobic surface. Light is reflected from an air layer trapped on the surface im-
mersed in water. b) Water droplets on a Lotus leaf (Michael Steden/Shutterstock.com).
c) Ferrofluid flowing from one magnet to another (Oliver Hoffmann/Shutterstock.com).
d) Ferrofluid droplets driven by a dynamic magnetic field on a superhydrophobic
surface.

first developed by NASA to be used as magnetically controllable rocket fuel for
their spacecrafts.[13] They have since found more mundane uses as magnetically
held liquids seals (e.g. in hard disks) and dampers (e.g. in loudspeakers), but
also in microfluidics and biomedical applications.[14–16]

Combining the extremely low friction of superhydrophobic surfaces with the
extraordinary magnetic controllability of ferrofluids has been a fruitful endeav-
our (Fig. 1.1d), leading to novel field-induced instabilities and self-assemblies,
as well as wetting characterisation methods and other application concepts. It
has been a privilege to work with such scientifically and visually fascinating
phenomena.

1.1 Outline of the Thesis

This thesis begins by introducing the basic concepts and fundamental theories
related to wetting and magnetism in Chapter 2. First, different wetting states,
contact angles and frictional forces affecting drop movement are introduced.
Secondly, fundamentals of magnetism are described, focusing on superparamag-
netism and basic models for magnetic forces affecting ferrofluids.

In Chapter 3, the synthesis and stabilisation strategies of ferrofluids are
reviewed, and their magnetic field dependent properties are described. Wetting
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of ferrofluids with and without magnetic field is discussed.
Chapter 4 reviews the most used conventional wetting characterisation meth-

ods, focusing on contact angle goniometry. Limitations of the method on superhy-
drophobic surfaces are experimentally investigated and discussed. Finally, novel
ferrofluid-based wetting characterisation methods for extremely liquid-repellent
surfaces are introduced.

Chapter 5 focuses on highly concentrated ferrofluid droplets on liquid-repellent
surfaces. Magnetic fields strongly deform such droplets, leading to field-induced
instabilities, which can be used to create droplet populations. Static and dy-
namic self-assembly of these populations is investigated, and applications in
microfluidics and interfacial tensiometry are demonstrated.

Chapter 6 summarises the findings and significance of this thesis and discusses
possible future research directions.

3





2. Theory

Wetting and magnetism show a multitude of fascinating phenomena, which
can be surprisingly difficult to describe theoretically. Even an apparently static
sessile drop can actually be slowly spreading on the substrate due to the surface
forces at the nanoscale.[17] However, since this thesis focuses on experimen-
tal work, it does not venture deep into the fundamental theories of capillary
phenomena or ferrohydrodynamics. Instead, this chapter presents the basic
concepts and theories needed to understand the main results of this thesis.

For a more in-depth study of magnetism and ferrohydrodynamics, the excellent
books by Coey[18] and Rosensweig,[11] as well as articles describing magnetic
forces and instabilities in ferrofluids are recommended.[19–21] Similarly, for
more information on wetting, the reader is encouraged to read the extensive
books by de Gennes et al. [22], and Starov and Velarde.[17]

2.1 Wetting

Liquids can adopt a multitude of shapes depending on the forces acting on them.
For large bodies of water, such as lakes, gravity dominates over other forces,
and the overall liquid shape is determined by it, together with the contours of
the lake bottom. For smaller volumes of liquid, from nL to mL, interplay of
several other forces becomes relevant, leading to more complex behaviour. At
these volumes, which correspond to length scales from to μm to mm, a liquid
can spread as a thin film on the solid or form spherical droplets with only a very
small contact area with the solid.

Molecules of a liquid have mutual attraction, i.e. cohesion, due to van der
Waals forces, hydrogen bonding or other intermolecular interactions.[22] Sur-
face molecules lack approximately half of these attractive interactions, which
increases their energy (Fig. 2.1a). This interfacial excess energy per unit area
is generally called interfacial tension σ, but for liquid-gas interface the term
surface tension γ is more often used. Surface tension leads to an increase in the
internal pressure of the liquid, which depends on the surface curvature C as
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Figure 2.1. Interfacial tension and contact angle. a) The surface molecules lack approximately
half of the attractive intermolecular interactions compared to the bulk molecules. As
a result, the surface is associated with excess energy, described by surface tension γ.
b) Surface curvature leads to an increase in pressure Δp inside the liquid. R is the
radius of curvature. c) Contact angle θ is determined by interfacial tensions, σsl and
σlg, and surface tension γ.

described by the Young-Laplace equation:[22]

Δp = γC = γ

(
1

R1
+ 1

R2

)
(2.1)

where Δp is the Laplace pressure, and R1 and R2 are the principal radii of
curvature of the surface (Fig. 2.1b). Equation 2.1 together with the body forces
determine the overall shape of a liquid drop. For example, hydrostatic pressure
caused by gravity is balanced by the Laplace pressure.

γ

(
1

R1
+ 1

R2

)
=−Δρ g z (2.2)

where Δρ is the density difference between the liquid and the surrounding gas,
g the gravitational acceleration and z height. The curvature is now a function
of z and the drop is flattened by gravity.

The relative strengths of surface tension and gravity depend on the length
scale. This can be quantified by capillary length λ:[22]

λ=
√

γ

fG
=
√

γ

Δρ g
(2.3)

where fG is the gravitational force density. Gravity is important for systems with
the characteristic length L >λ, while surface tension dominates L <λ. Related
quantity is the Eötvös number Eo (also known as Bond number Bo):[22]

Eo =
(

L
λ

)2

(2.4)

The simplest possible wetting system consists of three phases: solid, liquid
and gas. Between them there are three boundaries: solid-liquid, liquid-gas,
and solid-gas interfaces. There can be significant attraction caused by adhesion
forces between the molecules of the solid and the liquid, which reduces the
solid-liquid interfacial tension

Formally interfacial (or surface) tension is the amount of Gibbs free energy G
per unit area A, in constant temperature T, volume V and number of molecules
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n:[22]

γ=
[
∂G
∂A

]
T,V ,n

(2.5)

Water has one of the highest surface tensions of the common liquids, 72 mN/m,
due to the strong hydrogen bonding between the water molecules.[22] This
allows water striders to walk on water, but requires us to use surfactants to
decrease surface tension while washing our clothes, as otherwise water would not
penetrate in the textile structure. Oils have typically much lower surface tension
than water, around 20 mN/m, due to the weaker van der Waals interactions
between the molecules.[22]

Interfacial tensions determine whether liquid spreads on the surface or forms
drops. This can be described with a spreading parameter S, which is the energy
difference between a dry and a wet surface:[22]

S =σsg − (σsl +γ) (2.6)

where σsg is the interfacial tension between the solid and the gas, and σsl be-
tween the solid and the liquid. If S > 0, it is energetically favourable for the
liquid to coat the surface completely, otherwise only partially. However, liq-
uid spreading on a surface is not solely determined by the interfacial tensions
but also by the external forces caused by gravity, Laplace pressure, or electro-
magnetic fields. This is discussed in more detail for magnetic fields in Section
3.3.

2.1.1 Contact Angles and Wetting States

While Laplace pressure together with the body forces largely determine the
overall drop shape, all the interfacial forces play a role near the region where the
solid, liquid and gas phases meet. They determine the contact angle (CA) at the
three-phase contact line, at which the liquid-gas interface meets the solid-gas
interface, as shown in Fig. 2.1c. The CA is a convenient way to quantify surface
wettability, i.e. how easily the surface is wetted by the liquid. If the CA < 90° for
water, the surface is called hydrophilic, while surfaces with CAs > 90° are called
hydrophobic. While this method of wetting characterisation seems simple, there
are some intricacies involved.[23–26]

Ideal Surface
Contact angle was first described by Thomas Young in 1805: [27]

for each combination of a solid and a fluid, there is an appropriate angle of contact

between the surfaces of the fluid, exposed to the air, and to the solid.

The larger the CA, the smaller the contact area between the liquid and the solid,
and thus the more repellent the solid is to the liquid. The CA is determined by
the surface energies of the wetting system and can be easily calculated from
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Figure 2.2. Contact angles at different length scales. a) Apparent contact angle (macroscale).
b) Young contact angle (microscale). c) Transition to a thin film due to disjoining
pressure (nanoscale).

interfacial tensions for ideal solid surfaces. Here surfaces that are smooth, rigid,
chemically homogeneous, non-reactive and insoluble are considered ideal.[23,27]

cos θY = γsg −γsl

γ
(2.7)

This is called Young contact angle θY.
Real surfaces, however, are rough and inhomogeneous, and 2.7 can be consid-

ered valid only locally (Fig. 2.2b). Furthermore, additional molecular forces come
into play when the contact line is examined at the nanoscale. When the three
interfaces are close enough to one another, they can no longer be considered
separate, and the three phases interact with each other simultaneously. These
interactions give rise to a disjoining pressure, which determines the liquid-gas
interface curvature near (<100 nm) the solid surface (Fig. 2.2c).[17]

Measuring microscopic or nanoscopic angles is not practical, which is why
macroscopic apparent contact angles θ are used in wetting characterisation
instead (Fig. 2.2a). The apparent contact angle can be considered as the average
of the local microscopic contact angles and thus describes the global wetting
properties of the surface along the contact line. However, at larger length scales,
body forces not related to wetting properties, such as gravity, deform the drop
shape. As such, CAs have to be measured using proper magnification. This is
discussed in more detail in Publication II.

Real Surfaces
Real surfaces are often microscopically rough, even when appearing macroscopi-
cally smooth. As a result, the actual solid surface area A is larger than apparent
area Aapp. The first model to describe wetting on rough surfaces was developed
by Robert Wenzel in 1936.[28] He investigated wetting phenomena on fabrics
in terms of effective interfacial energies and surface roughness as expressed by
roughness ratio r = A

Aapp
:

cos θW = r(γsg −γsl)
γ

= r cosθY (2.8)

where θW is the Wenzel contact angle and the liquid is said to be in Wenzel state
(Fig. 2.3a). As can be seen from Eq. (2.8), surface roughness decreases the CA
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Figure 2.3. Wetting states on rough and heterogeneous surfaces. a) Liquid penetrates in the
surface roughness (Wenzel state). b) Chemically heterogeneous surface (Cassie
state). c) Liquid supported by surface asperities with an air layer under the liquid
(Cassie-Baxter state).

on hydrophilic surfaces (θY < 90°, cos θY > 0) and increases it on hydrophobic
surfaces (θY > 90°, cos θY < 0). This allows reaching extremely high CAs close to
180°, even though the highest measured θY is only 119°.[29]

On a microscopically smooth surface consisting of small alternating areas of
two different chemistries, the CA can be calculated as a weighted mean of the
respective Young contact angles θY1 and θY2:[30]

cos θC =φ1 cos θY1 +φ2 cos θY2 (2.9)

where φ1 and φ2 are the area fractions of the two chemistries (φ1 +φ2 = 1) and
θC is the Cassie contact angle, named after the author (Fig. 2.3b).

An interesting special case is a drop on a rough surface with an air layer, called
plastron, between the liquid and the solid (Fig. 2.3c). Such a wetting state is
called the Cassie-Baxter state. The related contact angle θCB can be written
by combining Eqs. (2.8) and (2.9), while taking into account that θY for air is
180°:[31]

cos θCB =φsl cos θY −φsg (2.10)

where φsl = Asl
Aapp

is the area fraction of solid-liquid interface (with roughness

taken into account), and φsg = Asg
Aapp

respectively for solid-gas interface. The
Cassie-Baxter state is especially relevant for describing superhydrophobic sur-
faces, with θ > 150°.

2.1.2 Contact Angle Hysteresis

Real wetting systems are not described by a single CA. Instead, a drop can have
several metastable configurations, which are described by different CAs. The
range of these angles is called contact angle hysteresis (CAH). A drop deposited on
a surface adopts a random CA in the CAH range. As a consequence, measuring
a single CA provides only limited information about the wetting properties of
the system.

CAH is affected by the surface properties, such as roughness and chemical
heterogeneity. It also describes the slipperiness of the surface: when the drop is
affected by a lateral force, such as gravity on a tilted surface, the drop deforms,
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Figure 2.4. Advancing and receding contact angles and forces acting on a moving drop. a)
Advancing contact angle. b) Receding contact angle. c) Forces acting on a drop
moving on a surface, where v is the drop velocity, Fη the viscous force, Fμ the CAH
force, Fext the external driving force, FN the normal force, FS the support force and
θR and θA the receding and advancing CAs. c) reprinted from Publication V.

which also affects the CAs. When the deformation is large enough, the CAs
exceed their threshold values, the contact line depins and the drop starts to
move.

The maximum value a CA can have before contact line depinning is called
the advancing contact angle θadv (Fig. 2.4a). It is reached when a liquid front
slowly advances on a previously unwetted surface. Similarly, the minimum
value is called the receding contact angle θrec, which is reached when the drop
edge recedes from a previously wetted surface (Fig. 2.4b). CAH is then θadv−θrec.
The higher the CAH, the more the drop can be deformed before it starts to move.
Thus, θadv and θrec are related to the lateral adhesion of the sessile drop, which
can be quantified as the contact angle hysteresis force:[32]

Fμ = KDγ(cosθrec −cosθadv) (2.11)

where KD is a constant related to drop shape and size. It can be approximated as
KD ≈ l

2 , where l is the contact line length.[33] Another approximation, KD ≈ 24D
π3

, is given by a heuristic formula derived experimentally, where contact area is
assumed elliptical and D is the diameter of a circle with equivalent area.[34,35]

CAH usually refers to static or quasistatic values. If the liquid front is moving
at sufficient velocity, dynamic effects tend to increase θadv and decrease θrec.[35–
38] These are referred to as dynamic contact angles, and their values depend on
the drop velocity in addition to the surface wetting properties.

As a drop moves on a surface, it dissipates energy through contact line friction
described by Eq. (2.11). In addition to this, liquid movement inside the drop
induces viscous force Fη, which is proportional to velocity v and viscosity of the
liquid η:[22]

Fη ∝ vη (2.12)

Figure 2.4c describes the force balance of a drop moving at velocity v, including
the external driving force Fext, the normal force FN caused by the gravity and the
opposing support force FS from the surface. Dissipative forces acting on magnetic
droplets moving on superhydrophobic surfaces are discussed in Publications V
and VI.

10



Theory

Figure 2.5. Wetting transitions on a micropillared surface. a) Liquid in a Cassie-Baxter state
on top of micropillars. The dark shaded region is the liquid-gas interfacial area Alg
and the white line the contact line length l per unit cell. b) Cassie-Wenzel transition
due to meniscus touching the substrate bottom. c) Cassie-Wenzel transition due to
depinning of contact line at the sidewalls of the pillars.

2.1.3 Wetting Transitions

Drops can transition from one wetting state to another, either spontaneously
or due to an external force. For example, a water drop in a Cassie-Baxter
state on a micropillared surface can transition into a Wenzel state and lose its
superhydrophobic properties (Fig. 2.5).[39–42] According to the Young-Laplace
equation (2.1), the pressure difference Δp between liquid and gas affects the
curvature of the water surface between the pillars. This pressure difference can
be caused by gravity or magnetic forces, for example. If the pillar height is not
sufficient, the deformed meniscus can touch the lower solid surface, leading to a
wetting transition (Fig. 2.5b).[42]

Another mechanism for a transition is that the contact line advances down-
wards along the sidewall of the pillar (Fig. 2.5c).[42] Δp creates a force at the
liquid-gas interface:

FΔp =Δp Alg (2.13)

where Alg is the liquid-gas interfacial area. In equilibrium, this force is counter-
balanced by the contact line force FCL on the pillars.

FCL = l γcos θ (2.14)

Eq. (2.14) holds only for θ ≤ θadv. In other words, if FΔp ≥ lγcos θadv, the wetting
front will advance down the pillar sides, leading to Cassie-Wenzel transition.
Critical pressure needed for the transition can then be calculated as:

Δpcrit =− l γcos θadv

Alg
(2.15)

Here it is convenient to let l and Alg describe length and area per unit cell of
the periodic micropillar array (Fig. 2.5a).

Understanding the stability of wetting states is important in developing water-
repellent surfaces that rely on the Cassie-Baxter state. Decreasing the pro-
portional solid-liquid interfacial area allows reaching higher contact angles, as
described by Eq. (2.10), and lower contact angle hysteresis. However, at the
same time Δpcrit and the stability of the wetting state are decreased. This was
investigated in Publication VI.

11



Theory

2.2 Magnetism

In order to appreciate the unique properties of ferrofluids, magnetism and
magnetic forces need to be understood. Magnetism has a quantum mechanical
origin, induced by moving electrical charges and intrinsic magnetic moments of
elementary particles. Electrons dominate the magnetic properties of ordinary
matter, even though protons and neutrons also have a magnetic moment. In
this section, magnetism is described qualitatively in a semiclassical framework
without going into theoretical details.

2.2.1 Dia- and Paramagnetism

Magnetism in solid materials is mostly produced by angular momentum of
electrons. This is a combination of orbital angular momentum L, arising from
electron motion, and intrinsic spin momentum S. For classical charged objects,
the magnetic moment μ caused by the angular momentum follows the relation
μ= q

2m L, where q is the charge and m mass of the object. For electrons, quantum
mechanical effects alter this relation, which can be taken into account with a
correcting g-factor. For example, magnetic moment resulting from electron
orbital angular momentum in an arbitrarily chosen z-direction is:[18]

μL
z =−gL

e
2me

Lz = gLμBml (2.16)

where gL is the g-factor for orbital motion, e is the electron charge, me the
electron mass, μB = e�

2me
the Bohr magneton, � the reduced Planck’s constant

and ml the magnetic quantum number. In this case gL ≈ 1 and μz close to
classical prediction. For the z-component of magnetic moment resulting from
the electron spin μs

z = −gsμBms with gs ≈ 2, where ms is the spin quantum
number.[18]

An external magnetic field modifies the trajectories of electrons orbiting atoms
or free electrons in metals, changing their orbital angular momenta. According
to Lenz’s law, the magnetic moment associated with this change opposes the
inducing field. This gives rise to diamagnetism, the material property of de-
creasing the external magnetic field H0 and being repelled by it. In diamagnetic
materials, magnetisation M opposes the magnetic field:[18]

M= χH (2.17)

where χ< 0 is the magnetic susceptibility and H the magnetic field strength.
For a single electron, the magnetic moment induced by the spin is typically

larger than the moment associated with the orbital angular momentum. How-
ever, spins in atoms tend to pair up, cancelling one another. If the atom has
any unpaired electrons, it is energetically favourable for them to align with the
external magnetic field. A similar energetic argument holds for free electrons,
resulting in a larger population of electron spins aligning with the field than
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opposing it. As a result, the material strengthens any applied magnetic field
and is attracted to it. This is called paramagnetism, with χ> 0.[18]

2.2.2 Ferro-, Antiferro- and Ferrimagnetism

If the magnetic dipole moments of the neighbouring atoms or electrons are strong
enough to interact with one another, they may spontaneously form ordered
magnetic domains to minimise the magnetic energy. In ferromagnetic materials,
the neighbouring dipoles are parallelly aligned, while in antiferromagnetic and
ferrimagnetic materials, the alignment is antiparallel. In antiferromagnets, the
opposing dipoles are equal in strength and the net magnetisation becomes zero,
while in ferrimagnets they are unequal and net magnetisation remains.

The energy landscape of the magnetic domain structure can be extremely
complicated, which leads to many metastable energy states. As with contact
angles, this gives rise to magnetic hysteresis, where the magnetisation of the
material does not only depend on the magnetic field but also on the history of the
system. As a result, ferro- and ferrimagnetic materials remain magnetised even
after the external field has been removed. These materials have memory, as
made obvious by their use in hard disks and magnetic stripes on credit cards.[18]

2.2.3 Superparamagnetism

Nanoscopic ferro- and ferrimagnets behave very differently from the correspond-
ing bulk materials. Sufficiently small nanoparticles (3–15 nm)[11] contain only
a single magnetic domain and behave like paramagnetic macrospins. Ferroflu-
ids are colloidal suspensions of such particles. Since the particles are usually
not completely symmetrical, there exists one or more easy axes along which
magnetisation is energetically favourable. The magnetisation direction has two
opposite orientations along the easy axis with the same minimum energy, which
are separated by an energy barrier.[11,12,18]

Ferrofluids show no magnetic hysteresis since the thermal energy in room
temperature is sufficient to quickly relax their magnetisation when the external
field is changed. For example, relaxation times for 10 nm magnetite nanoparti-
cles are in the order of 0.1–1 μs.[11] The relaxation can happen via Brownian
mechanism, i.e. rotation of the particles in the liquid, with a relaxation time
τB:[11,43]

τB = 3Vpη

kBT
(2.18)

where Vp is the particle volume, η the viscosity of the carrier liquid, kB the
Boltzmann constant and T the temperature. Relaxation can also happen via
reversal of the magnetisation direction, i.e. Néel mechanism, with a relaxation
time τN:[12]

τN = τ0 exp
(

KAVp

kBT

)
(2.19)

where factor τ0 is in the order of 10−13–10−9 s and KA is the magnetic anisotropy
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constant. The dominating relaxation mechanism depends on the material,
particle size and temperature.[11]

If the magnetisation of superparamagnetic nanoparticles is examined at
timescales longer than the relaxation time, time-average magnetisation val-
ues are observed (i.e. particles appear superparamagnetic). However, if the
timescales are shorter, particles are in a blocked state and a static value is
observed (i.e. particles appear ferro- or ferrimagnetic).[12,44]

The temperature at which the relaxation time approximately equals the ob-
servation timescale, is called blocking temperature TB. Since relaxation times
depend on the nanoparticle size, it can be evaluated by determining TB. This
can be done by measuring the zero-field cooled and field-cooled (ZFC/FC) mag-
netisation curves. First, the sample is cooled below TB in zero field, after which
an external magnetic field is applied and the magnetisation is measured as
a function of increasing temperature (ZFC curve). At first, the particles are
blocked, and their magnetisation remains close to zero. The magnetisation
increases as a function of temperature due to the thermal energy, which allows
increasing alignment of magnetic moments with the external field. FC curve is
obtained by measuring magnetisation as a function of decreasing temperature
in the applied field. TB can be resolved by comparing the ZFC and FC curves,
which overlap for T > TB and diverge for lower temperatures.[44]

2.2.4 Magnetic Fields

Magnetic fields are created by magnetised material and moving electric currents.
This thesis focuses on situations where magnetisable material, i.e. ferrofluid,
is affected by a magnetic field created by a permanent magnet. The magnetic
field H acting on the ferrofluid is the sum of the external field H0 and the field
created by the magnetisable material itself Hd. Hd is called the demagnetising
field inside the magnetic material and the stray field elsewhere. In a general
case Hd can be calculated as:[18]

Hdi =−Ni jM j (2.20)

where N is the demagnetising tensor. Usually the magnetised volume is ap-
proximated as an ellipsoid and a constant demagnetising factor N can be used
instead:[18]

H=H0 +Hd ≈H0 −NM (2.21)

It is important to notice that magnetisation M = χH is the function of total
magnetic field H and not just the external field H0.

The magnetic field strength H (also known as the auxiliary magnetic field) is
extremely useful in magnetic calculations, but another field quantity is more
fundamental: the magnetic flux density (or the primary magnetic field) B. B is
related to H and M as:

B=μ0(H+M) (2.22)

where μ0 is the vacuum permeability.
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Figure 2.6. Magnetic forces. a) Kelvin force induced by a permanent magnet below a ferrofluid
droplet flattens the droplet. b) Magnetic normal traction created by a uniform
magnetic field elongates the ferrofluid droplet. c) Magnetic field boundary conditions
at the interface between two mediums with different susceptibilities χ1 and χ2.

2.2.5 Magnetic Forces

The most obvious consequence of magnetism are the magnetic forces, which are
essential for all life on Earth. Earth’s magnetic field deflects charged particles
carried by the solar wind from the Sun, protecting our atmosphere. Magnetic
forces are vital also for our technology, making electric generators and motors
possible.

In a general case, magnetic force can be calculated using a magnetic stress
tensor T:[11,19]

Ti j =−
{
μ0

∫ H

0

[
∂(Mν)
∂ν

]
H,T

dH+ 1
2
μ0H2

}
δi j +BiH j (2.23)

where ν= ρ−1 is the specific volume, ρ the density and δi j the Kronecker delta
function.

Magnetic body-force density fM, which is responsible for the attraction between
permanent magnets, can be calculated from Eq. (2.23) as:[11]

fM =∇·T=−∇
{
μ0

∫ H

0

[
∂(Mν)
∂ν

]
H,T

dH
}
+μ0M∇H (2.24)

Eq. (2.24) can be simplified for ferrofluids by assuming that the magnetic
moments of the nanoparticles are independent of the particle density (i.e. dipolar
interactions remain constant). Furthermore, if the total magnetic field gradient
can be approximated as the gradient of the external magnetic field, i.e. ∇H ≈
∇H0, fM can be written as Kelvin force density:

fM ≈μ0M∇H0 (2.25)

When a ferrofluid droplet is deposited on a surface with a permanent magnet
underneath, it is flattened due to normal force density fN, which is the sum of
gravitational and Kelvin force densities (Fig. 2.6a):

fN = fG + fM =Δρ g+μ0M
dH0

dz
(2.26)
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Here the droplet is assumed to be located at the extension of the magnet axis,
which is parallel to z-direction. The change in droplet shape is counteracted by
the interfacial tension σ, and the amount of deformation can be quantified with
a dimensionless effective Bond number:[45]

Be = fNV
2
3

σ
(2.27)

Magnetic fields also induce stresses on interfaces between phases with differ-
ent magnetic properties. Since ferrofluids are liquids, these stresses can easily
deform their surface. In a static situation, magnetic stresses are equal to the
Laplace pressure Δp:[11]

n ·(T′
2 −T′

1
)=nΔp (2.28)

where T′ = T− p(ρ,T) is the stress tensor including fluid internal pressure p
and n is the unit vector normal to the interface. Subscripts 1 and 2 refer to the
two phases. Eq. (2.28) can be used to define the magnetic normal traction pn by
taking into account magnetic field boundary conditions at the interface :[11]

pn = 1
2
μ0M2

n (2.29)

where Mn is the component of M normal to the interface. The boundary con-
ditions at the interface can be derived from Maxwell’s equations (Fig. 2.6c).
The normal component of B is continuous, since according to Gauss’s law∫∫

S B · dA = 0. Similarly the tangential component of H is continuous, since
according to Ampère’s law

∫
j H ·dl= 0 when there are no free currents.[18]

pn corresponds to the surface force density (i.e. pressure) caused by the fluid
magnetisation. Unlike the Kelvin force, which is proportional to the field gradi-
ent, the magnetic normal traction deforms the ferrofluid surface even in uniform
magnetic field. The droplet is elongated in the direction of the magnetic field,
because Mn =M ·n= χH cosα, where α is the angle between H and the surface
normal (Fig. 2.6b).

As with Kelvin force, the deformation induced by the normal traction is opposed
by the interfacial tension and can be described with a dimensionless traction
number St:[45]

St = μ0M2V
1
3

σ
(2.30)

Ferrofluid shape in a non-uniform magnetic field depends on the relative
values of Be and St, as was experimentally confirmed in Publication VIII.
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3. Ferrofluids

Ferrofluids are colloidal suspensions of superparamagnetic nanoparticles in
a carrier liquid. They have fascinating properties arising from their strong
response to the magnetic field, making it possible to magnetically control their
shape, flow, viscosity, optical and heat transfer properties.[11,46–48] Ferrofluids
can be held in place with permanent magnets, making them useful in many
commonplace applications such as magnetically retained lubricants, liquid seals
in hard disks and heat conductors as well as dampers in loudspeakers.[12,14,46,
49] They also find use in sensors and actuators, as well as in microfluidics, where
they are used in mixers, pumps and valves.[14,16,50] In addition to technical
applications, superparamagnetic nanoparticles show promise in biomedical
applications such as in magnetic drug targeting and as contrast agents for
magnetic resonance imaging.[15,51,52]

In Publication I, structure, colloidal stability, magnetic and flow properties of
two basic types of aqueous ferrofluids were investigated with a range of advanced
analysis methods (Fig. 3.1). The ferrofluids consisted of superparamagnetic
iron oxide nanoparticles (SPIONs) with either electrostatic or electro-steric
stabilisation. In addition to the ferrofluid type, also the impact of the nanoparti-
cle concentration was investigated. The results are shortly summarised here,
while introducing general ferrofluid synthesis strategies and properties. The
electostatically stabilised ferrofluid discussed in this chapter was also used in
Publications V–VIII.

3.1 Synthesis

The first ferrofluids were synthesised in the 1960s using a top-down method,
where bulk ferrimagnetic material was ground into nanoparticles.[13, 15, 49]
Nowadays bottom-up approaches are favoured, such as chemical co-precipitation
and thermal decomposition of transition metal carbonyls.[53–55] These methods
are faster, cheaper and simpler compared to the top-down approaches.[11,56]

Ferrofluids in Publication I were synthesised by co-precipitation of Fe3+/Fe2+

under atmospheric conditions using ammonia solution as a precipitant. The
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Figure 3.1. Summary of properties of the electrostatically and electro-sterically stabilised con-
centrated aqueous magnetic fluids. Reprinted from Publication I.

resulting iron oxide nanoparticles were confirmed to be magnetite using X-ray
photoelectron spectroscopy (XPS). The results showed Fe3+ and Fe2+ peak area
ratios close to what is expected of magnetite. Furthermore, the attenuated total
reflection Fourier-transform infrared spectroscopy (ATR-FTIR) results were
consistent with magnetite.

3.1.1 Stabilisation

Nanoparticles have large surface area compared to their volume, which leads to
strong tendency to aggregate in order to minimise the surface energy. Because
of this, synthesised nanoparticles need to be stabilised to prevent interparticle
contacts due to random Brownian motion, attractive magnetic dipole-dipole
interactions or van der Waals forces.[18,53] Aggregation can be prevented using
steric or electrostatic stabilisation, or their combination. In steric stabilisation,
the nanoparticles are coated with sufficiently long surfactant molecules, which
prevent nanoparticle clustering due to steric repulsion. This approach is suitable
for both aqueous and organic carrier mediums, with the correct choice of stabilis-
ing agent. Aqueous ferrofluids can also be stabilised electrostatically by forming
an electric double layer around the nanoparticle, with Coulombic interparticle
repulsion. This kind of stabilisation is sensitive to pH and counterions in the
solution.[53]

Ferrofluids investigated in Publication I employed electrostatic and electro-
steric (which combines electrostatic and steric repulsion) stabilisations. The
former was stabilised with citric acid, which adsorbs to particle surface rendering
it negatively charged.[57] Electro-steric stabilisation was achieved with oleic
acid, which forms a double layer around the nanoparticle.[58] The first layer
binds chemically on the surface and the second layer forms around it due to
hydrophobic interaction of the alkyl chains. The dynamic light scattering (DLS)
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Figure 3.2. Size distribution of electrostatically stabilised superparamagnetic nanoparticles
used in Publications I, V–VIII. a) Transmission electron microscopy image of the
nanoparticles. b) Corresponding particle diameter distribution. Reprinted from
Publication I.

results showed that both types of ferrofluid are stable over a wide pH range, but
lose colloidal stability in acidic environment (pH < 6 for electrostatic and pH < 5
for electro-steric stabilisation).

3.2 Properties

The properties of ferrofluids originate mainly from the characteristics of the
constituting nanoparticles, their material, size and stabilising layer. They deter-
mine the magnetisation, and strongly affect viscosity and wetting properties of
the liquid. In the following section, these are described in general and in light of
the two example ferrofluids investigated in Publication I.

3.2.1 Particle Size and Cluster Formation

Small particle size is essential for magnetic properties and stability of ferroflu-
ids. As discussed in Section 2.2.3, small size is required for short magnetic
relaxation times and superparamagnetic behaviour. Similarly, Brownian motion
prevents sedimentation of small nanoparticles (diameter in the order of 10 nm)
in gravitational and magnetic fields.[11,18,43]

The particle sizes in Publication I were investigated with a range of methods.
Transmission electron microscopy (TEM) was used to determine the physical
size of the iron oxide core of the nanoparticles, which was 5.9 ± 2.5 nm for
electrostatically stabilised ferrofluid (Fig. 3.2) and 7.8 ± 1.9 nm for electro-
sterically stabilised sample. Magnetic diameters of the particles measured with
magnetogranulometry were slightly smaller, 5.8 ± 2.3 nm and 6.7 ± 2.7 nm,
respectively. This suggests that there is a non-magnetic layer at the surface
of the nanoparticles. In magnetogranulometric analysis, the magnetic core
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diameters are obtained by fitting experimental magnetisation data, which will
be discussed in more detail in the next section, with a theoretical model for
polydisperse magnetic nanoparticles.[59]

Due to polydispersity, some of the nanoparticles are larger than 10 nm and
thermal energy is not enough to prevent the formation of nanoparticle chains.
This was confirmed for ferrofluids investigated in Publication I by small-angle X-
ray scattering (SAXS) and small-angle neutron scattering (SANS) measurements.
The measured scattering intensities were modelled as coming from spheroidal
or cylindrical particle aggregates. The results showed formation of relatively
stable short chains (less than 10 nanoparticles). The chain length was shown
to decrease as a function of nanoparticle concentration, while the interactions
between the chains became stronger.

Due to different scattering length densities of the nanoparticle core and shell,
the thickness of the stabilising acid layer could also be resolved, 0.4 nm for citric
acid (electrostatic stabilisation) and 3 nm for oleic acid double layer (electro-
steric stabilisation). When the different shell thicknesses are taken into account,
the effective hydrodynamic volume fractions of the samples with highest con-
centration of nanoparticles is practically equal (30 %) for both ferrofluid types.
However, the solid volume fraction corresponding to the amount of iron oxide
is different (20 % for electrostatically and 14 % electro-sterically stabilised
ferrofluid).

According to the DLS measurements, the hydrodynamic diameters of the
electrostatically stabilised particles were smaller (52–110 nm) than electro-
sterically stabilised particles (98–147 nm). DLS results include effect from the
relatively large hydration layer surrounding the nanoparticles, which explains
the difference compared to particles sizes obtained with other techniques.

3.2.2 Magnetisation

Strong response to magnetic fields and lack of magnetic hysteresis are the most
interesting properties of ferrofluids. To achieve as high saturation magnetisation
as possible, the volume fraction of the magnetic material should be maximised,
while maintaining colloidal stability and adequate flow properties. As described
in the previous section, the two ferrofluids in Publication I had equal effective
hydrodynamic volume fraction of 30 % at the highest achieved concentrations,
but the thicker stabilising layer of the electro-sterically stabilised ferrofluid
translates to lower solid volume fraction (14 %) compared to the electrostatically
stabilised ferrofluid (20 %). As expected, the former had lower saturation
magnetisation, 48.73 kAm−1, than the latter, 78.20 kAm−1, which is among the
highest values reported for ferrofluids (Fig. 3.3a). The magnetisation curves
were measured with a vibrating sample magnetometer (VSM) and were also
used in the magnetogranulometry analysis described earlier.

ZFC/FC magnetisation curves were measured to determine the blocking tem-
perature TB, which is associated with the transition between superparamagnetic
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Figure 3.3. Magnetic measurements of the highest concentration ferrofluid samples (MF/CA12:
electrostatically, MF/OA9: electro-sterically stabilised ferrofluid). a) Magnetisation
M as a function of magnetic field H. b) ZFC/FC magnetisation curves. Reprinted
from Publication I.

and blocked states, as described in Section 2.2.3.[18] The blocking temperature
for the electrostatically stabilised ferrofluid with smaller particle diameters was
lower than for the electro-sterically stabilised one, as expected.

3.2.3 Rheology

Orientation of magnetic nanoparticles in an external magnetic field leads to
increasing interaction between the particles, which agglomerate to form chains
and other structures.[15, 56, 60] This affects the rheological properties of the
ferrofluid, making them anisotropic and field dependent. This magnetoviscous
effect can lead to a hundredfold increase in ferrofluid viscosity in a magnetic
field.[15] The formed chains can be broken via shearing, making the rheological
properties dependent also on the shear rate.

The most concentrated sample of the electrostatically stabilised ferrofluid
in Publication I showed small magnetoviscous effect, which was practically
independent of the shear rate (i.e. behaviour was Newtonian). In other words,
the field-induced agglomerates were rather stable and were not destroyed even
at high shear rates. The viscosity change was partly irreversible when the
magnetic field was switched off, indicating that some of the formed agglomerates
remained also in zero field at the time scale of the experiments. The concentrated
electro-sterically stabilised ferrofluid exhibited magnetoviscous effect as well,
but showed in addition pseudoplastic behaviour, i.e. the viscosity decreased with
increasing shear rate, in both zero and non-zero fields. These results indicate
that the ferrofluid contained loosely bound agglomerates, the stability of which
decreased as a function of shear rate. The electro-sterically stabilised ferrofluid
also showed slight irreversibility in agglomerate formation when the field was
returned to zero, similar to the electrostatically stabilised ferrofluid.
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3.3 Wetting

Magnetic manipulation of ferrofluids extends to their wetting properties. By
magnetically altering the force balance at the contact line, ferrofluid spreading
can be controlled, for example, on vertical surfaces,[61] in nanochannels[62] and
inside porous media.[63] Furthermore, wetting of other liquids can be indirectly
controlled via changes in ferrofluid configuration. For example, ferrofluid-infused
surfaces can be used to manipulate friction of non-magnetic drops with relatively
small magnetic fields.[64] Furthermore, a simple smooth surface coated with
ferrofluid can act as a high performance anti-icing surface in applied magnetic
field.[65]

In this context, it is important to distinguish whether magnetic-field-induced
spreading is caused by a change in intrinsic wetting properties of the system
or if it is due to body forces deforming the ferrofluid.[66] This was discussed in
Publication II, in addition to reviewing recent literature related to wetting of
ferrofluids.

3.3.1 Nanoparticles

Ferrofluids consist of carrier liquid, suspended magnetic particles and stabilising
agents, which are typically surfactants. Excess surfactants not bound on the
nanoparticles can adsorb to liquid-gas and solid-liquid interfaces, changing the
surface and interfacial tensions compared to pure carrier liquid. Surfactant
diffusion is a dynamical process and can lead to time dependent wetting prop-
erties.[67] Similar adsorption can happen with nanoparticles, which can have
surprising effects on ferrofluid wetting behaviour. For example, nanoparticles
can form ordered structures near the contact line, leading to increase in dis-
joining pressure and thus enhancing spreading of ferrofluid. Counterintuitively,
higher nanoparticle concentration can lead to faster wetting dynamics, even
though an increase in solid content increases viscosity.[68] In short, ferrofluids
are complex liquids showing intricate wetting phenomena, even without any
magnetic field.

Since interfacial energies determine the wetting properties, it is essential to
know whether interfacial tensions of ferrofluid have any magnetic field depen-
dency. This is the case for some magnetically responsive surfactants,[69] but
unfortunately ferrofluids have not been extensively investigated in this regard.
However, there is some theoretical work suggesting that dipole interactions
can change surface tension slightly as a function of magnetic field due to non-
uniform distribution of nanoparticles.[70,71] Increase in surface tension due to
tangential magnetic field has also been experimentally observed.[72]
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Figure 3.4. Schematic of a ferrofluid droplet in an external uniform magnetic field: a) No field.
b) Droplet elongates while the contact line remains pinned. θ decreases because
ferrofluid flows away from the contact line. c) θ reaches receding contact angle and
the contact line starts to move. d) Droplet elongation pulls θ close to 90°. Reprinted
from Publication II.

3.3.2 Contact Angles in Magnetic Field

As was noted in section 2.1.2, a single CA value gives only limited amount of
information about a wetting system. The shape of a sessile ferrofluid droplet
can be deformed with an external magnetic field, and this deformation is often
accompanied by a change in the CA, as illustrated in Fig. 3.4. However, this
does not automatically imply a change in the intrinsic wetting properties of the
ferrofluid. This is especially true if the new measured CA is within the CAH
range of the system in zero magnetic field. As with any wetting system, the
magnetic field effect on CAs should be investigated by measuring both advancing
and receding contact angles. Unfortunately, such systematic studies are lacking.

In order to determine the average wetting properties, the CA measurements
need to be performed using correct magnification, as discussed in Section 2.1.1.
Since the magnetic force affecting a ferrofluid droplet can be several orders
of magnitude larger than gravity (see Publication VII), it can be important at
length scales ten times shorter. Thus, the magnification, which is enough for
CA measurements under gravity, might not be suitable for measuring CAs of a
ferrofluid in a non-uniform magnetic field. The importance of magnification was
demonstrated already in 1988, when the advancing CA of a ferrofluid droplet
in a uniform magnetic field was investigated.[73] While 100x magnification
showed a CA decrease of 15° when the field was reduced from 20 mT to 0, the
CA measured at 600x magnification remained constant within the experimental
accuracy. Unfortunately, in most publications related to magnetowetting, the
experimental details of the CA measurements are not reported.

While intrinsic wetting properties seem to be largely independent of magnetic
fields, it is important to remember that external forces can have a significant
effect on liquid spreading. For example, gravity can flatten and spread large
volumes of water on even the most hydrophobic material. Similarly, magnetic
forces can be used to control the contact area of a sessile ferrofluid droplet.[45,73]
Furthermore, magnetic forces can be used to induce wetting transitions, which
will be discussed in more detail in section 4.4.1.
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4. Wetting Characterisation

Wetting properties are critical in a multitude of applications. Often complete
wetting is desirable, for example, when applying a coat of paint or lubricant.
On the other hand, some surfaces should remain as dry as possible, such as
waterproof textiles or casings for electronics. To optimise wetting properties,
trustworthy and versatile characterisation techniques are required.

This chapter begins by discussing contact angle goniometry and its limitations
on characterisation of superhydrophobic surfaces. Competing force-based meth-
ods are described together with techniques based on magnetically controlled
droplets. The latter allow measuring CAH and viscous dissipation on super-
hydrophobic surfaces at a precision of approximately 10 nN and assessing the
stability of the superhydrophobic Cassie-Baxter wetting state.

4.1 Contact Angle Goniometry

Contact angle goniometry is the most widely used wetting characterisation
method.[24] A measurement consists of recording an image of the drop profile
and analysing it to determine the CA (Fig. 4.1a).[74] Contact angle goniometers
are usually integrated systems with dedicated optics and analysis software,
but even smartphones with a suitable app can be used for the purpose.[75]
It is in principle a simple technique, providing accurate results for a wide
range of CA values on various surfaces.[42] However, there are limitations and
subtleties, which can lead to large errors, especially on highly liquid-repellent
surfaces.[23–26] These were discussed in Publications III and IV.

Measuring advancing and receding contact angles requires a system for in-
creasing and reducing the drop volume, which is usually a computer-controlled
syringe. Liquid is slowly pumped in the drop until advancing CA is reached and
the contact line starts moving along the surface. Receding angle is measured
similarly by sucking liquid out of the drop until the contact line starts to move.
Sufficient drop volume needs to be used for the drop to reach the true receding
angle during measurement.[76]

The volume changes have to be kept slow when measuring advancing and re-
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Figure 4.1. Contact angle goniometry. a) Schematic of a contact angle goniometer with a water
droplet on a superhydrophobic surface between a light source and a camera. b) A
photo of a steel ball recorded with a goniometer. Insets (1–3) show magnifications of
the interfaces between the ball, the substrate and air. Adapted from Publication III.

ceding CAs in order to achieve quasi-static results corresponding to the intrinsic
wetting properties of the system.[42] If the contact line moves too fast, dynamic
effects can alter the measured CA. As a consequence, CA goniometry is a slow
method and poorly suited for investigating surface wetting inhomogeneities in
detail. Furthermore, the measurements are sensitive to vibrations, which can
cause the drop to adopt a lower meta-stable energy state, and the measured CAs
no longer correspond to θadv and θrec.

4.2 Optical Errors in Contact Angle Goniometry

Contact angle measurements rely on accurately resolving interface locations,
making the method susceptible to optical errors, especially on liquid-repellent
surfaces with high CAs. The results depend on experimental details, such
as magnification, lighting and imaging parameters.[42, 77] CAs measured by
different users can vary up to 5–10°, even when using the same setup.[42] This
was confirmed in Publication IV, where seven independent experienced users
analysed the same images of a drop on a superhydrophobic surface.

It is particularly problematic to precisely resolve the location of the solid-
liquid interface, which can lead to large errors in measured CA values (Fig.
4.2).[74, 78, 79] The solid-liquid interface is represented by a baseline in the
recorded 2D image of the drop, and it is usually set manually by the user. If
the substrate is even slightly tilted, it can obscure the correct baseline location.
This problem is especially severe for non-reflective or macroscopically rough sur-
faces.[42,77] Further inaccuracies arise from diffraction, limited pixel resolution
of the camera, and blurriness of the drop edge.[79,80] These limitations were
demonstrated in Publication IV by measuring the CA of a solid steel ball on a
flat surface (Fig. 4.1b), which theoretically should have a value of 180°. However,
the measured CA was only 171° due to optical errors.
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Figure 4.2. Effect of baseline location on CA measurements on a superhydrophobic surface. The
zoomed image shows the pixelation near contact line and demonstrates errors caused
by misplaced baseline: setting baseline too high decreases measured CA, whereas
setting baseline too low increases measured CA. Reprinted from Publication III.

In Publication III, inaccuracies caused by misplacement of baseline were
examined as a function of CA by using ≈8 μL water drops on three surfaces
with different wetting properties. Error in CA resulting from displacing the
baseline by one pixel up or down was investigated experimentally and by using
simulations. The experiments were performed with a commercial goniometer
(Attension Theta) for CAs from 90° to almost 180°. Different CAs were achieved
by changing the droplet volume, which allowed controlling the CA within the
CAH range of each surface. Simulated drop profiles were calculated based on the
Young-Laplace equation (2.1). The uncertainty range caused by the movement of
± 1 pixel increased from 1° for CAs < 120° to 2° at the limit of superhydrophobic
regime (CA 150°) and up to 5° for CAs ≈162°. Even though the relative error is
only a few percent, the uncertainty of CAH is huge due to propagation of error.
For example, one pixel error in a baseline location for a surface with a receding
angle of 170° can cause 300% error in the CAH and the lateral adhesion force,
which is proportional to the difference in cosines of the receding and advancing
angles, as described in Eq. (2.11).

In Publication IV, the investigation was expanded by taking into account the
effect of image resolution. The error caused by a small change in the baseline
location was systematically evaluated using an analytical model, numerical
fitting and experimental analysis. Experimental analysis was performed using
a commercial goniometer by recording images of a ≈9 μL water drop on a su-
perhydrophobic copper surface coated with nanorough silver and 1H,1H,2H,2H-
perfluorodecanethiol.[81] The image resolution was controlled by changing the
goniometer magnification to simulate the effect of camera resolution. Even
though this does not affect the pixel resolution of the recorded image, it does
change the number of pixels used in the analysis, i.e. those containing the drop
(Fig. 4.3a,b).

In analytical modelling, the drop profile was calculated with the Young-Laplace
equation using the same drop volume as in the experiments. The drop profile
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Figure 4.3. Effect of image resolution on CA measurements on a superhydrophobic surface. a)
For a drop with pixel dimensions 1213 by 1042 pixels, the best estimate for CA is
≈170°. One-pixel error in baseline location causes an error of ≈1° in measured CA. b)
For the same drop recorded with a lower magnification (pixel dimensions 399 by 345
pixels), the best CA estimate is ≈174° and the error corresponding one-pixel error in
baseline location is ≈4°. c) Numerically, analytically and experimentally determined
CA errors caused by one-pixel baseline displacement as a function of CA for different
drop pixel resolutions. Reprinted from Publication IV.

was then rasterised to the pixel dimensions (i.e. drop width and height in
pixels), which were used in the experiments. This corresponds to an ideal
case of a contact angle measurement without any optical errors for the given
resolution. The analytically calculated drop profiles were also fitted to the
experimental drop profiles and rasterised to evaluate the effect of optical errors
and fitting procedure. Finally, the experimental drop profiles were analysed
with a commercial software (Attension Theta). Unlike in Publication III, only a
single drop was used in the experiments. Different CAs were obtained by raising
the baseline location sequentially in the goniometer software until 90° CA was
reached. While the contact line and the CAs set the boundary conditions for the
droplet shape, the curvature of the liquid-gas interface is determined only by
the Young-Laplace equation (2.1). Because of this, using the same drop profile
and raising the baseline is justified and leads to a correct drop shape with lower
CAs and smaller volume.

While the errors in the measured CAs caused by one-pixel displacement of
the baseline remained low (0.5–1°) for CAs below 150°, they increased rapidly
in the superhydrophobic regime, up to 8° (Fig. 4.3c). The errors were lower
when larger drop dimensions were used in the analysis, but it is unlikely that
increasing image resolution could eliminate the errors entirely. Ultimately, opti-
cal resolution, not the image resolution, determines the size of details that can
be resolved in the measurements. Thus, more advanced methods are required
for sensitive characterisation of highly liquid-repellent surfaces.
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4.3 Force-Based Methods

In addition to the widely used contact angle goniometry, there are additional
force-based wetting characterisation methods. In the tilted plane method, which
is often used together with contact angle measurements, a drop is placed on
a surface, which is then tilted. When the surface is tilted sufficiently, the
gravitational force FG = mgsinθtilt exceeds the CAH force and the drop starts
to move. The corresponding tilt angle is called the sliding angle. Despite the
apparent simplicity of the method, the results are sensitive to vibrations and
experimental details, such as drop volume, which makes comparing results
challenging.[42]

Wettability can also be quantified by directly measuring the forces between
the surface and the liquid.[42,82] In Wilhelmy plate tensiometry, which is the
most widely used force-based technique, a thin test plate is attached to a force
probe and immersed in the test liquid. The force exerted on the plate can then
be correlated with the wetting properties:[83]

F = l γcosθ−V Δρ g (4.1)

where V is the volume of liquid displaced by the plate. Wilhelmy plate tensiome-
try is poorly suited for investigating homogeneity of the surface, since the results
are averaged over the whole contact line.[80] In addition, the geometry of the
sample has to be well-defined in order to accurately determine l.[78] This can
be especially problematic for superhydrophobic surfaces, where the contact line
can be particularly tortuous.[80]

Wilhelmy plate tensiometry was developed already in 1863,[83] but there
are also more recent force-based wetting characterisation techniques. Lateral
adhesion forces can be probed by measuring a deflection of a thin glass capillary
inserted in a small droplet as the surface under the droplet is slowly moved
horizontally.[35,84] This allows scanning the surface wetting properties with
a high resolution. In scanning droplet adhesion microscopy (SDAM), a droplet
is attached to a highly sensitive electronic force probe to measure extremely
small vertical adhesion forces with 10 μm spatial resolution.[85] This makes ex-
traordinarily detailed wetting mapping possible, for example, on heterogeneous
biological samples.

4.4 Oscillating Droplet Tensiometry

Arguably, the most relevant property of the superhydrophobic surfaces is the
extremely high mobility of water on such surfaces. A natural way to quantify this
property is to directly evaluate the movement of drops instead of indirect qua-
sistatic CA measurements. In Publications V and VI, kinetic energy dissipation
of small laterally oscillating magnetic droplets on superhydrophobic surfaces
was investigated. In the measurements, a cylindrical permanent magnet was
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Figure 4.4. Oscillating droplet tensiometry. a) Schematic of the measurement setup showing
the permanent magnet under a superhydrophobic surface. The ferrofluid droplet is
shown in three positions, A, B and C. b) Schematic of the harmonic potential well with
the droplet positions corresponding previous subfigure. Droplet energy E is the sum
of the magnetic potential energy U andthe kinetic energy K . E is dissipated as the
droplet moves on the surface. c) Droplet position x as a function of time t. Harmonic
oscillations near magnet axis are used in the analysis. d) Harmonic oscillations
measured at two locations on the same substrate for ten times (not all data points
are shown). e) Close-up of the data, showing small variation within measurements
repeated at a single location, but a large difference between the locations. Reprinted
from Publication V.

placed below or above the test surface and a 5 μL droplet was placed on the
surface away from the magnet axis (Fig. 4.4a). The droplet is pulled towards
the axis, where the magnetic field is strongest, and ends up in an oscillatory
motion around the axis. By recording the oscillatory motion with a high-speed
camera and analysing the rate of decay of the oscillations, the dissipative forces
acting on the droplet can be resolved. Measuring dissipation with oscillatory
measurements has the benefit of inverse sensitivity, i.e. the accuracy increases
with decreasing dissipation due to increasing number of oscillations. Further-
more, the optical requirements of the oscillating droplet tensiometry are much
lower than for CA goniometry since the method relies on recording the droplet
location instead of its shape.

Since the magnetic field created by a cylindrical permanent magnet is parabolic
in the lateral direction near the magnet axis, the magnetic restoring force is
harmonic (Fig. 4.4b,c). Droplet position x as a function of time t during the free-
decay oscillations can be modelled as a harmonic oscillator with two dissipative
terms, viscous force Fη and CAH force Fμ:[86]

m
d2x
dt2 =−kx−Fη±Fμ (4.2)
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Figure 4.5. Dissipative forces as a function of normal force. a) Calculated droplet profiles for
θ = 170° and θ = 180° as a function of effective gravitational acceleration gE = fN

ρ . b)
CAH force Fμ as a function of gE and contact line length l with a linear fit through
origin. b) Viscous dissipation coefficient β as a function of gE and contact area A
with a linear fit through origin. Error bars represent standard deviation. Reprinted
from Publication V.

where m is the mass of the droplet and k is the magnetic spring constant
proportional to the curvature c of the magnetic field. The direction of ±Fμ is
opposite to the droplet velocity v. The viscous force, Eq. (2.12), is proportional to
the droplet velocity, whereas the CAH force, Eq. (2.11), is independent of it. This
allows distinguishing these forces by fitting the model to experimental droplet
trajectories.

In Publication V, dissipation in aqueous ferrofluid droplets with 0.2 vol% of
SPIONs oscillating on a superhydrophobic nanorough copper surface coated
with perfluorothiol was investigated. Due to the low nanoparticle concentration,
the physical properties of the magnetic droplets were close to pure water, with
only 0.7% difference in density and 4% in viscosity. The surface tension was the
same within the experimental accuracy.

The dissipative forces could be measured with a high precision of ≈10 nN,
which allowed characterising local wetting variation on the seemingly homo-
geneous surface (Fig. 4.4d,e). Both Fη and Fμ were significant for dissipating
energy, with viscous dissipation dominating with droplet velocities above 20
mm/s and CAH below that. The effect of the normal force created by the perma-
nent magnet and gravity was investigated by controlling the distance between
the magnet and the test droplet. The downwards normal force flattens the
droplet, increasing the contact line length and contact area (Fig. 4.5a). The CAH
force was confirmed to be linearly proportional to the contact line length, while
viscous dissipation scaled with the contact area (Fig. 4.5b,c).

Similar measurements were performed in Publication VI on micropillared
surfaces (pillar diameter 10 μm, coated with fluorosilane), where the dependency
of the frictional forces on the surface solid fraction φ (i.e. the density of the pillars)
was investigated. Due to the high friction of the surface, a higher concentration
of SPIONs (4 vol%) was used to achieve stronger magnetic restoring force,
capable of inducing enough oscillations for reliable measuring the frictional
forces. Viscous dissipation coefficient β was shown to increase approximately
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Figure 4.6. Magnetically driven oscillations. a) Droplet position xdroplet as a function of time
t. After a transient period of ≈5 s the droplet oscillations reach a steady state. b)
Droplet steady-state amplitude x̂droplet as a function of magnet frequency f , showing
a resonance peak near f = 4.7 Hz. Reprinted from Publication V.

linearly with the actual contact area between the solid and the liquid A =φAapp,
where Aapp is the macroscopic apparent contact area as described in Section 2.1.1.
Similarly, the CAH force depended approximately linearly on the actual contact
line length l = φlapp. Measurements could be performed for solid fractions of
φ= 0.97–2.18%. With higher solid fractions, the oscillations decayed too rapidly,
while with lower solid fractions the Cassie-Baxter wetting state was not stable.
This will be further discussed in the next section.

In addition to the free-decay oscillations, measurements using dynamic mag-
netic fields were demonstrated in Publication V. The permanent magnet was
moved sinusoidally in lateral direction with a computer-controlled linear stage to
drive the droplet oscillations. After a period of transient oscillation, the droplet
reaches a well-defined constant oscillatory motion (Fig. 4.6a). The final droplet
amplitude x̂droplet depends on the oscillation frequency f of the magnet, and a
distinct resonance peak was observed at f = 4.7 Hz (Fig. 4.6b). The CAH and
viscous forces could be obtained by fitting the experimental frequency response
curve with a numerically calculated prediction. Since the dynamic magnetic field
continuously drives the oscillations, this approach allows characterising surfaces
with higher CAH compared to quickly decaying free oscillations. However, the
longer measuring time requires reqular change of the test droplet during the
frequency sweep due to droplet evaporation.

4.4.1 Magnetic Wetting Transitions

As described in Section 2.1.3, an external force can induce a transition between
two wetting states. In Publication VI, magnetic-field-induced transition from
the metastable Cassie-Baxter to the Wenzel state on micropillared surfaces with
different solid fractions was investigated. The distance between the magnet
and the droplet was changed in order to determine the critical pressure needed
for the transition for static and moving droplets (Fig. 4.7). The transition was
assumed to happen when the contact line starts to advance down the vertical
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Figure 4.7. Oscillations and wetting transitions on a superhydrophobic micropillared surface.
a) Snapshots of free-decay oscillations with no wetting transition. b) Magnetically
induced Cassie-Wenzel transition of a moving ferrofluid droplet. The red lines
represent droplet positions. Reprinted from Publication VI.

pillar walls (Eq. (2.15)). For periodic lattice of cylindrical pillars, the critical
pressure can be calculated as:

Δpcrit =− l γcos θadv

Alg
=− lpillar γcos θadv

Aunit(1−φ)
=−4φγcos θadv

D(1−φ)
(4.3)

where lpillar is the contact line length of a single pillar, Aunit is the unit cell area
of the and D is the pillar diameter. Here θadv refers to the microscopic advancing
angle along the pillar wall, not the apparent advancing angle of the droplet
sitting on top of the pillars in the Cassie-Baxter state.

The experimental results showed that static droplets are more stable than
the ones moving. In both cases, the Cassie-Baxter state was slightly more
stable than predicted by the analytical calculations. This is probably due to the
roughness of the pillar sides caused by Bosch etching process used in the surface
fabrication. As expected, higher solid fractions provided more stable Cassie-
Baxter states. However, high solid fraction also decreased droplet mobility,
highlighting the trade-off between low friction and stability of the wetting state.

Stable, low-friction Cassie-Baxter state is critical for various applications
of superhydrophobic surfaces. Since magnetically controlled droplets allow
measuring both the friction and the stability of the wetting state, it could be a
convenient method for optimising super-repellent surfaces.
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5. Ferrofluid Droplet Instabilities and
Self-Assembly

In Publications V and VI, it was shown that a non-uniform magnetic field de-
forms the droplet shape, even when very low concentrations of nanoparticles
were used. This effect is dramatically stronger when the nanoparticle concen-
tration is increased, leading to fascinating field-induced phenomena. These
were investigated in Publications VII and VIII by subjecting concentrated fer-
rofluid droplets on liquid-repellent surfaces to magnetic fields, leading to droplet
splitting and self-assembly into symmetric populations.

5.1 Instabilities

Not only does the magnetic field modify the shape of ferrofluid, but also the
magnetised ferrofluid modifies the magnetic field distribution. This feedback
between the field and the fluid can lead to ferrohydrodynamic instabilities
(Fig. 5.1a). These are characterised by abrupt modification of the ferrofluid
configuration caused by a small variation of the control parameter, typically
magnetic field.[11] These fascinating phenomena are not solely interesting from
a pure physical point of view, but can also be useful in applications, such as

Figure 5.1. Ferrohydrodynamic instabilities. a) Magnetic-field-induced ferrofluid surface pattern.
The spikes are connected to one another and the ferroluid settles down to a single
puddle when the magnetic field is removed. Field-induced instability can also lead to
individual droplets on a superhydrophobic surface (b) or for ferrofluid immersed in
immiscible liquid (c). a) reprinted from Publication II, c) adapted from Publication
VIII.
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Figure 5.2. Ferrofluid droplets on low-friction water-repellent surfaces. Droplet adhesion is
reduced by the Cassie-Baxter state on a superhydrophobic surface in air (a) and by
the lubricating oil layer for aqueous droplets immersed in an immiscible liquid (b and
c). Surface roughness affects the dynamics of the field-induced splitting. Reprinted
from Publication VIII.

field-induced mixing in microfluidic channels[87] and fabrication of microlenses
using ferrofluid-molding.[88]

Probably the best known ferrohydrodynamic instability is the Rosensweig (or
normal-field) instability, where a sufficient uniform magnetic field spontaneously
generates an array of macroscopic liquid spikes on the surface of a ferrofluid
pool.[11] This instability is caused by the interplay of magnetic, gravitational
and interfacial forces. The normal traction elongates the ferrofluid along the field
direction (Eq. (2.29)), gravity pulls the ferrofluid downwards, while interfacial
tension tends to minimise the surface area. This leads to an ordered pattern
with lattice constant determined by the critical wavelength:[11]

λRosensweig
c = 2π

√
σ

fG
(5.1)

5.1.1 Field-Induced Droplet Splitting

In a traditional Rosensweig instability, there is a liquid film connecting the
ferrofluid spikes. When the magnetic field is removed, the original configuration
of the ferrofluid returns as the spikes settle down to the pool. However, on a
non-wetting surface the ferrofluid film connecting the spikes ruptures leading to
formation of distinct droplets. This phenomenon was investigated in Publica-
tion VII on a superhydrophobic surface and in Publication VIII using aqueous
ferrofluid droplets immersed in an immiscible liquid (Fig. 5.1b,c). In the latter
case, the surrounding liquid created a lubricating layer between the ferrofluid
and the substrate, making field-induced splitting of distinct droplets possible
even on a smooth surface (Fig. 5.2).

The magnetic field used in the splitting experiments was created by a perma-
nent magnet below the droplets (Fig. 5.3a,b). Since the field is non-uniform, the
droplet is pulled downwards not only by the gravity but also by the Kelvin force,
as described in Section 2.2.5, Eq. (2.26). For highly concentrated ferrofluid, the
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Figure 5.3. Magnetic-field-induced ferrofluid droplet splitting. a) Schematic image of a magnetic
field (white lines) created by a cylindrical permanent magnet. Far away from the
magnet the droplet remains nearly spherical (1), but deforms in higher fields (2 and
3). Above critical field the droplet splits into two daughter droplets (4). Black lines
represent constant field contours. b) Corresponding photographs of a 20-μL ferrofluid
drop. c) Schematic image of the droplet splitting. The droplet becomes unstable and
splits when the critical wavelength λc equals the droplet diameter d. Reprinted from
Publication VII.

Kelvin force can be two orders of magnitude stronger than gravity. The critical
wavelength can be calculated analogously to Eq. (5.1):

λc = 2π
√

σ

fN
= 2π

√
σ

Δρ g+μ0M dH0
dz

(5.2)

A thorough theoretical analysis of the forces involved is presented in an article
by Vieu and Walter.[21] Unlike with the Rosensweig instability, Eq. (5.2) does
not describe the periodicity of the resulting pattern, since interfacial tension
does not pull the droplets together due to the lack of a connecting film. Instead,
the droplets are free to self-assemble to their minimum energy positions guided
only by the magnetic forces. This will be discussed further in section 5.2.1. Here
λc describes the maximum horizontal diameter d of a stable ferrofluid droplet.
If the magnetic field is increased so that d > λc droplet will split in two in a
fraction of a second (Fig. 5.3c). This will be discussed in detail in the following
section.

5.1.2 Satellite Droplet Formation

The details of the splitting process were investigated in Publication VIII using
high-speed imaging. The splitting of a ferrofluid droplet starts at the top of
the droplet and proceeds down towards the substrate. Before the two daughter
droplets are completely separated, there is a liquid thread connecting them.
At the final stages of division, this thread undergoes a self-similar instability,
breaking up to approximately 10 tiny satellite droplets (Fig. 5.4a,b). This process
is similar to the Plateau-Rayleigh instability, which leads to breakup of a falling
liquid thread into small droplets.[89–92]
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Figure 5.4. Satellite droplet formation during a field-induced splitting of a ferrofluid droplet
immersed in immiscible oil. a) Schematic of droplet splitting. Inset shows small
satellite and subsatellite droplets, which form due to the Plateau-Rayleigh-like
instability. b) Side and top view snapshots of the ferrofluid capillary bridge breakup
and satellite droplet formation. c-d) Top view snapshots of capillary bridge breakup
on a smooth polystyrene surface and a surface coated with Glaco, respectively. In the
time evolution graphs, black corresponds to the ferrofluid and white the surrounding
oil. Coloured lines refer to snapshots with corresponding borders. All scale bars are
0.2 mm. Reprinted from Publication VIII.

The dynamics of the breakup was studied on two substrates: on a smooth
polystyrene surface (root mean square (RMS) roughness 6.2±0.2 nm) and on
a polystyrene surface coated with commercial superhydrophobic spray Glaco
(RMS roughness 43±3 nm). While no difference could be observed in the final
configuration of the satellite droplets, the instability proceeded several times
faster on the Glaco-coated surface (Fig. 5.4c,d). It was hypothesised that the
roughness of the Glaco-coated surface allows increased oil flow underneath the
ferrofluid droplets (Fig. 5.2c), leading to lower drag compared to the smooth
polystyrene container (Fig. 5.2b).

5.2 Ferrofluid Droplet Populations

The ferrofluid droplet splitting can be triggered multiple times by further in-
creasing the magnetic field after the first splitting event to create a population of
droplets. The number and shape of the droplets depend on the ferrofluid suscep-
tibility and the interfacial tension between the ferrofluid and the surrounding
fluid. This was systematically investigated in Publication VIII by varying the
SPION concentration cSPION and adding interfacial tension lowering surfactants
to the system (Fig. 5.5a). Two types of surfactants were used: anionic sodium
dodecyl sulfate (SDS) and non-ionic pentaethylene glycol monododecyl ether
(C12E5).

With low SPION concentration (cSPION = 8 vol%) and no surfactant, the fer-
rofluid droplet was flattened due to the Kelvin force with no splitting. Increasing
cSPION to 12 vol% lead to only a few splitting events and the resulting daughter
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Figure 5.5. Ferrofluid droplet populations. a) Photographs of droplet populations created via
field-induced splitting with different concentrations of SDS and SPIONs. Scale bar 1
mm. b) Droplet population with high concentration of C12E5 (17 mmol/L) showing
ribbons and irregular droplets. Scale bar 1 mm. c) Interfacial tension measured
by droplet splitting σS and by control methods (pendant droplet and micropipette
aspiration) σC. Black dots: individual experiments, red circles: experiments grouped
based on σC. a) and c) reprinted from Publication VIII.

droplets formed labyrinthine patterns typical for confined films ferrofluids.[11]
Splitting of discrete, conical droplets with circular horizontal cross-sections was
possible for cSPION > 17 vol% without any surfactants and cSPION > 12 vol%
with sufficient surfactant concentrations. With high concentrations of C12E5,
splitting of well-defined, similarly sized droplets was no longer possible, but
ribbons and complex shapes were created instead, as shown in Figure 5.5b.

The ferrofluid droplet shapes can be understood by examining how the Kelvin
force fM and the normal traction pn depend on the fluid magnetisation M. At
low SPION concentrations fM ∝ M dominates, flattening the droplets. However,
as cSPION ∝ M is increased, pn ∝ M2 increases faster than fM, leading to more
elongated droplets.

In the regime where regularly shaped droplets are created, the field-induced
splitting can be used to measure the interfacial tension between the ferrofluid
and the surrounding fluid using Eq. (5.2). This can be realised by either
measuring the diameters of the unstable droplets or the number of droplets, as
long as the field properties are known. The results agree well with the control
methods down to interfacial tension of 0.1 mN/m (Fig. 5.5c).
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Figure 5.6. Static self-assembly and microfluidics operations of ferrofluid droplets. a) The in-
terdroplet spacing a can be controlled by adjusting the field curvature c and the
magnetic moment of the droplets m. Photographs show droplet populations in high
(P1) and low (P2) magnetic fields. b) Top: axisymmetric droplet patterns with five-
and six-fold symmetries created by a cylindrical magnet. Bottom: ribbon patterns
created by a rectangular cuboid magnet. c) Image series of droplet transport using
two magnets below the surface. First, the droplets are above the magnet on the left
side of the image. The magnet is slowly lowered and the droplets move sequentially
to the second magnet on the right. Scale bar is 1 mm. d) Image series of droplet
splitting (top row) and combining (bottom row) using a permanent magnet. Scale
bar is 2 mm. a) and b) reprinted from Publication VII, c) and d) reprinted from
Publication VIII.

5.2.1 Static Self-Assembly

The self-assembly into symmetric patterns is driven by droplets’ attraction to-
wards the field maximum at the magnet axis, and the dipolar repulsion between
the droplets:

U = μ0

4π

N∑
i=1

N∑
j=i+1

μiμ j

|ri −r j|3
−μ0

N∑
i=1

μi

(
H− 1

2
c|ri|2

)
(5.3)

where μi is the droplet magnetic moment, ri the droplet location and c the field
curvature. Due to the low friction between the droplets and the repellent surface,
the droplets are free to move to their minimum energy positions as guided by
the magnetic interactions. This appearance of ordered structures due to energy
minimisation is called static self-assembly.[93] It is a common phenomenon
in nature and it is responsible for crystallisation,[94] and formation of block
copolymer and nanoparticle structures.[95,96] It is also useful for applications
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Figure 5.7. Dynamic self-assembly of ferrofluid droplets as the magnet below the surface is oscil-
lated laterally. a) Schematic and photographs of non-alternating dynamic patterns.
b) Schematic and photographs of alternating dynamic patterns. c) Phase diagram of
a seven-droplet pattern as a function of magnet frequency and amplitude. Reprinted
from Publication VII.

such as data storage[97] and structural colors.[98] The distance between the
droplets can be easily controlled by changing the magnetic field properties, i.e.
the field strength H and the curvature c (Fig. 5.6a). More complicated structures
can be realised as well by varying the droplet sizes or by using different field
geometries (Fig. 5.6b).

When the magnet is moved horizontally at moderate velocities, the self-
assembled ferrofluid droplet population follows with little change in the inter-
droplet distances, making it easy to actuate a large number of distinct droplets
with a single magnet. More complex field geometries can be used to realise
different microfluidics operations. With a help of a second magnet below the sub-
strate, it is possible to extract droplets from the population one-by-one by slowly
increasing the distance between the first magnet and the substrate (Fig. 5.6c).
It is also possible to combine droplets with a magnet tilted approximately 90°
(Fig. 5.6d). This field geometry magnetises the droplets horizontally, allowing
opposing magnetic poles to align, leading to droplet coalescence.

The techniques demonstrated in Publication VIII allow combining conventional
and digital microfluidics to a more flexible concept. It is possible to easily actuate
all the droplets at once, like in conventional flow-controlled microfluidics, as
well as address individual droplets as in digital microfluidics. Furthermore,
the field-induced instability allows splitting the droplets in a convenient way,
which is challenging in contemporary magnetic digital microfluidics without
irreversibly pinning the droplets on the surface.[50]

5.2.2 Dynamic Self-Assembly

The field geometries discussed so far have been static or quasi-static. The effect
of dynamic magnetic field was investigated in Publication VII by horizontally os-
cillating the magnet underneath the ferrofluid droplets with different amplitudes
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x̂magnet and frequencies f . In these experiments, the water in the ferrofluid was
partly replaced by ethylene glycol to reduce evaporation. When the magnet am-
plitude and frequency exceeded the threshold values (x̂magnet > 12 mm and f > 2
Hz), the droplets started to coalesce, leading to complex changes in the pattern
configuration. After a transient period, the pattern reaches a stable kinetically
trapped dynamic state consisting of moving circular and elongated droplets
(Fig. 5.7a,b). These are formed due to dynamic self-assembly, which occurs in
out-of-equilibrium systems far away from their energy minimum.[93,99,100]
Biological systems are examples of ordered structures, which require continuous
supply of energy (i.e. nourishment) to persist. Other examples include convection
cells[101] and oscillating chemical reactions.[102]

The kinetically trapped dynamic states persist as long as the energy feed
from the oscillating field is kept constant. When the magnet is stopped, the
field-induced splitting process restores the original number of droplets and
droplet pattern. Interestingly, the most diverse collection of dynamic patterns
can be observed near the threshold where the static pattern start to change into
dynamic ones, as demonstrated by the phase diagram in Figure 5.6c. This first
demonstration of reversibly switching between static and dynamic self-assembly
could help us better understand the onset of dynamic self-assembly.
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6. Conclusions and Outlook

In this thesis, the basic concepts of wetting and magnetism were introduced,
together with fundamental properties of ferrofluids and the current wetting
characterisation techniques. Limitations of contact angle goniometry, especially
on superhydrophobic surfaces, were discussed. In addition, novel phenomena
and applications of ferrofluid droplets on repellent surfaces were investigated.
The most important results are summarised below.

Publication I examined the fundamental properties of two ferrofluids with
different stabilisation strategies, electrostatic and electro-steric. Structure, sta-
bility, and magnetic and flow properties of the ferrofluids were investigated and
compared. This comprehensive study employed a wide range of advanced anal-
ysis methods including electron microscopy, X-ray photoelectron spectroscopy,
vibrating sample magnetometry, magneto-rheometry, small-angle X-ray and
neutron scattering, dynamic light scattering and attenuated total reflectance
Fourier transform infrared spectroscopy. Differences were seen in the nanopar-
ticle chain formation, rheological properties and magnetic properties, due to
the difference in the stabilising layer thicknesses of the two fluids. The results
will be useful in optimising the synthesis strategies of ferrofluids for different
applications.

In Publication II, recent literature on wetting of ferrofluids was reviewed.
Various aspects were discussed, including effects of nanoparticles on wetting
dynamics and surface tension. Challenges of contact angle goniometry caused
by the magnetic-field-induced ferrofluid deformation were described, and ap-
proaches for achieving improved accuracy were recommended. Finally, novel
applications related to ferrofluid wetting were reviewed.

Publications III and IV investigated the uncertainties in the most widely used
wetting characterisation method, contact angle goniometry, on highly water-
repellent surfaces. The effect of the contact angle and image resolution was
examined theoretically and experimentally. The uncertainty in the measured
contact angle values resulting from small errors in locating the solid-liquid
interface was found to increase sharply for superhydrophobic surfaces. As a
consequence, alternative, force-based wetting characterisation methods are
recommended for superhydrophobic surfaces.
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Conclusions and Outlook

Publications V and VI introduce a wetting characterisation technique for su-
perhydrophobic surfaces, based on oscillation of water-based magnetic droplets.
By adding a small amount of superparamagnetic nanoparticles in water, the
droplets are rendered controllable with a magnetic field. The droplets are placed
in a confining magnetic field created by a permanent magnet and brought into
oscillatory motion. The dissipative forces related to the wetting properties of the
surface can be measured by observing the damping rate of the oscillations. In ad-
dition, stability of the superhydrophobic Cassie wetting state was systematically
investigated on different micropillared surfaces as a function of magnetic field.
The presented techniques can facilitate development of better superhydrophobic
surfaces and act as quality control methods in fabrication of such surfaces.

Publications VII and VIII investigated magnetic-field-induced instabilities
and self-assembly of ferrofluid droplets on water-repellent surfaces. Repellency
was achieved by using either a superhydrophobic surface or by immersing the
droplets in an immiscible liquid, which creates a lubricating layer between the
droplets and the supporting surface. Sufficient magnetic field makes a ferrofluid
droplet unstable, splitting it in two daughter droplets. Sequential splitting
events can be used to create populations of droplets, which self-assemble into
symmetric patterns as guided by the magnetic field. These static self-assemblies
can be reversibly switched to dynamic ones with an oscillating magnetic field.
This allows investigating the onset of dynamic self-assembly. Furthermore, the
droplet splitting and populations can be used in interfacial tensiometry and
population-based digital microfluidics.

The results and application concepts presented in this thesis contribute to
improving wetting characterisation methods for highly repellent surfaces and
offer innovative directions for interfacial tensiometry and microfluidics. An
especially promising avenue is the use of magnetically actuated, water-like
droplets in surface wetting characterisation. This can help the development of
next-generation liquid-repellent coatings.
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