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Abstract

Controlling and predicting the mobility of drops in contact with a solid surface is at-

tracting a lot of attention thanks to its fundamental implications and technological

applications. The interaction between ferrouids and magnetic fields allow to obtain con-

trolled deformation of the ferrouid-air interface and control of motion. In this thesis we

will show how ferrouid droplets represent an ideal playground for fundamental studies

on drop dynamics and provide useful strategies for passive and active control of drop

motion. In particular, after a brief introduction about microuidics and ferrouids, we

will report results about the possibility to control the shape of droplets thanks to the

interaction with magnetic fields of different strenght and gradient produced by perma-

nent magnets. After that we will show how magnetic fields can be used to passively

control the motion of ferrouid drops sliding down inclined planes and, in the end, we

will describe how it is possible to obtain the division of a single drop in two daughter

droplets taking advantage of a strong interaction with the magnetic field.
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Introduction

Droplets are confined, small volumes of liquid surrounded by an immiscible fluid [1].

Controlling and predicting the motion of drops in contact with a solid surface is a major

scientific challenge [2] that is relevant to fundamental research [3] and crucial for an

ample variety of applications including microfluidics [4], self-cleaning coatings [5], fog

collection [6] and dropwise condensation [7]. Many of these applications are inspired by

solutions already present in nature as shown in figure 1.

The mobility of drops is deeply affected by substrate inhomogeneities [1]. For in-

stance, water drops can roll very easily, keeping a nearly perfect spherical shape on

a surface that remains essentially dry, on various natural materials that include many

plant leaves (see figure 1 center), bird feathers and fish skins [9], and artificial biomimetic

surfaces [10]. Strong water repellence occurs because the roughness increases the liquid-

solid free energy [11]. A different approach to achieve non-wetting properties involves

liquid functionalized surfaces [12–14]. These novel functional surfaces, are textured ma-

terials usually imbibed by a lyophilic oil. The premise for such a design is that a liquid

surface is intrinsically smooth and defect-free down to the molecular scale.

Different methods have been explored to achieve the passive motion control of droplets,

from tailoring surfaces with chemical patterns or gradients [15–18] to altering the surface

morphology [19, 20]. On the other hand, active control of drop motion can be achieved

with different approaches [2]. Fluid manipulations at the microscale are powerfully en-

abled through the use of ultrasonic surface acoustic waves [21]. A more exotic drop

actuation relies on the so-called Leidenfrost phenomenon, that is the levitation of drops

on a cushion of vapor produced when they are brought in contact with a hot solid [22].

Oscillations of the substrate are also used as an active way to control drop motion of any

liquid because they couple to the liquid inertia. If the plate vibrates parallel to gravity,

the contact line oscillations are rectified by hysteresis, thus inducing a ratcheting mo-

tion to the water drop vertically downward [23]. Interestingly, Brunet et al [24] found

that, on an inclined plane, drops subject to sufficiently strong vertical vibrations can

1



2 Introduction

Figure 1 : (Left) Droplets attached to a leaf of Stipagrostis sabulicola as an example of drowise
consensation [8]. (Center) A drop on a lotus leaf: the lotus take advantage of its surface structure
to repel water and exploit drops for the cleaning of the surface. (Right) a Stenocara gracilipes
beetle, Stenocara beeles can harvest water from the humidity in the air.

Figure 2 : (Left) Normal-field instability induced by a permanent magnet on a pool of
ferrofluid. (Center) Self-assembly induced by a magnetic field taking advantage of the normal-
field instability. The liquid has been deposited on a superhydrophobic surface [31]. (Right) a.
Nanoparticles dispersed in the bulk of the ferrofluid in absence of the magnetic field. b. Chain-
like aggregates in the bulk of the ferrofluid generated by the application of an external magnetic
field [32].

climb against gravity. With a similar technique drops can be moved on a flat surface by

simultaneous vertical and horizontal vibrations that are phase-shifted [25] and can be

merged on an inclined plane [26]. Another example is the case of electrowetting: electric

fields generated by arrays of electrodes integrated into the surface and covered with an

insulating layer are widely used as a tool to control the shape, motion, and generation

of conductive drops [27, 28]. A possible alternative to electrowetting [27] to achieve ac-

tive control of the drop motion relies on the use ferrofluids in the presence of external

magnetic fields [29,30].

Ferrofluids are colloidal suspensions of nanometer-sized magnetic particles dispersed

in a liquid matrix. These magnetic particles are so small that they behave exactly like
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molecules of the liquid in which they are suspended. However, each particle acts like a

small permanent magnet [33]. The consequence of this is that the magnetic field can

exert strong forces on the fluid, radically changing its shape as the fluid moves to maxi-

mally fill its volume with a magnetic field [34,35]. The most impressive example of how

strong these deformation can be is the so called normal-field instability [36], character-

ized by the formation of an ordered pattern of spikes at the air-ferrofluid interface as

displayed in figure 2 (left). This normal field instability can also induce the formation of

self-assembly of droplets [37] as shown in figure 2 (center). The application of magnetic

fields also affects the viscosity of ferrofluids [38]. This is mainly due to the reversible

creation of chain-like aggregates of nanoparticles in the bulk of the ferrofluid [32,38] (see

figure 2 a and b). These effects are at the same time exotic and useful for a wide range

of applications, from computer disk drives to rotary vacuum seals and speaker-damping

technology [39].

In the last years, ferrofluid droplets are finding many application in microfluidics [40,41]

where external magnetic fields are used to control drops [42–44], perform chemical fer-

rofluid synthesis [45], carry out continuous flow cell separation [46, 47] and study the

drop breakup dynamics [48]. Another possibility is to exploit the magnetic fields to

control the wetting properties of ferrofluid sessile drops and to drag them along a sur-

face [30, 31, 49–52]. For instance, the shape and contact angles of ferrofluid drops can

be continuously varied by moving a permanent magnet [52]. More recently, drops of a

commercial ferrofluid placed below a magnet exhibits modifications of the shape on a

time scale of several minutes due to the migration and accumulation of the magnetic

nanoparticles at the top part of the drop that eventually leads to its detachment [53].

Ferrofluid drops have been dragged on a horizontal substrate using a permanent mag-

net moving at a constant velocity. If the magnetic force is large enough to overcome

the friction and capillary forces, the drop can slide with the same linear velocity as the

magnet up to a critical velocity, beyond which the drop is not able to follow the moving

magnet [49]. The motion of ferrofluid drops on superhydrophobic surfaces in an external

magnetic field has been studied, and the interaction force between the droplet and the

surfaces is measured to be very low [54].

The aim of this thesis is to deepen the understanding of the control of the defor-

mations and the motion of ferrofluid drops on open substrates caused by the presence

of external magnetic fields. The thesis is divided in two parts: the former one intro-

duces/reviews the main characteristics of microfluidics and ferrofluids. The latter one,

deals with the description of the experimental methodologies adopted in this thesis and
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the presentation of the main results.



Part I

Fundamentals on Microfluidics

and Ferrofluids
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Chapter 1

Drop dynamics

This chapter will present an overview of the physical properties of liquids at the mi-

croscale. Starting from the definition of surface tension and Laplace pressure in Section

1.1, the chapter will then focus on the characteristics of the emulsions and the conditions

for the coalescence of droplets in Section 1.2. The wetting properties of droplets on hor-

izontal substrates will be discussed in Section 1.3 and after that the sliding properties

on open surfaces in Section 1.4.

§ 1.1. Surface Tension

The liquid surface can be seen as a membrane characterized by a surface tension that

opposes distortion [1]. Understanding the physical origin of surface tension and how it

influences the properties of liquids at the microscale is required to understand the whole

variety of phenomena in microfluidics.

§ 1.1.1. Definition

A liquid is a condesed state in which there is a mutual attraction among the molecules

stronger than the thermal agitation. We can define two different states for a molecule in

a liquid: the bulk state and the interfacial state [1] (see fig. 1.1 left). The molecules in

the bulk are surrounded by other molecules and so find themselves in a “happy state”

because they can interact with a large number of other molecules. On the other hand,

the molecules on the surface can interact with only half of the molecules “below” them

so they are in an “unhappy state”. An intuitive consequence of this is that in the case

of a liquid-gas interface the liquid adjusts its shape to expose the smallest surface area.

If we indicate as U the energy of the “happy state”, then the energy of the “unhappy

7



8 Drop dynamics

Figure 1.1 : From left to right: schematic representation of the interaction of two different water
molecules of a liquid, one on the surface and one in the bulk, a soap bubble with a spherical
shape [1], case of triple interaction between gas-liquid-solid: a) liquid-solid interaction stronger
than liquid-liquid interaction; b) liquid-liquid interaction stronger than liquid-solid interaction.

state” can be indicated as U/2 and an energy of the order U/2 must be supplied to the

molecule in the bulk to move to the interface. The surface tension γ = U/2 · a2 is a

measure of this shortfall of energy.

This first simple example of a liquid phase interacting with a gaseous phase can be

generalized for the case of the liquid interacting with both a gas and a solid. In this case,

the interaction of the liquid molecules with the solid molecules is of different strength

with respect to the interaction between two liquid molecules. We can define two different

cases estimating the interaction between the molecules: the solid-liquid interaction can

be higher or greater than the liquid-liquid interaction. When the interaction energy

between the liquid and the solid is stronger (see fig. 1.1 a) the liquid will prefer the

contact with the solid. This can have different consequences: for example, the liquid can

“climb” a vertical section of the solid against the gravitational force. In the opposite

case, the liquid tries to minimize the surface in contact with the solid and it will recede

when in contact with it (see fig. 1.1 b).

Until now, we have given a generic definition of the surface tension, now we will provide

a more accurate quantification of the phenomena [1]. Suppose we want to distort a liquid

surface trying to increase the surface area of a quantity dA. The work we need to apply

is proportional to the number of molecules we need to pull to the surface from the bulk

and so to the increase of surface area dA. Of course, there is a coefficient in front of

the surface area increase linked to the interaction energy between the liquid molecules:

the stronger the interaction, the more work to increase the surface area. We call this

coefficient surface tension of the liquid and we indicate it with the greek letter γ. The
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equation for the work in this case is:

δW = γ · dA (1.1)

In other words we can define the surface tension as [1] :

“γ is the energy that must be supplied to increase the surface area by one

unit”

§ 1.1.2. Laplace pressure

Surface tension regulates countless physical phenomena, like the overpressure existing in

the interior of drops and bubbles [1]. This pressure difference has several consequences:

the capillary adhesion between two plates, the presence of capillary bridges etc. To

understand how this overpressure is generated we will study the case of a sphere of

liquid and then this case will be generalized.

To study the case of a spherical droplet, we consider an oil droplet in water (see fig. 1.2

left). As we said before, to reduce the surface energy the drop adopts a spherical shape

with radius R. Let us consider a displacement dR of the oil/water interface, in this case

we can write the work of the pressure and capillary force as:

δW = −podVo − pwdVw + γowdA (1.2)

with dVo = 4πR2dR = −dVw , and dA = 8πRdR are the increase in volume and surface,

po and pw are the pressure in oil and water and γow is the surface tension between the

oil and the water. At equilibrium, there will be no displacement in the surface of the

droplets so δW = 0. In this case we can write:

∆p = po − pw =
2γow
R

(1.3)

The smaller the drop, the higher the pressure difference from the outside fluid. A first

consequence of this formula is that in emulsions of oil in water, small drops disappear in

favor of large ones because the larger inner pressure makes themmore thermodynamically

unstable. We can now generalize this result to a generic surface with the Laplace theorem:

“The increase in hydrostatic pressure ∆p that occurs upon traversing the

boundary between two fluids is equal to the product of te surface tension γ

and the curvature of the surface C:”
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Figure 1.2 : From left to right: schematic representation of the surface displacement of an oil
droplet in water, case of study to understand the concept of curvature of a surface.

∆p = γ

(
1

R
+

1

R′

)
= γC (1.4)

A clear example of how to measure the curvature of a surface is given by the example

of a pear shape solid as depicted in fig. 1.2 (right). The curvature at a point M is

determined by taking the normal N to the surface at that point. Next, the volume is cut

along two mutually orthogonal planes intersecting each other along N. The intersection

of these planes with the surface of the volume defines two curves, the radii of curvature

of which are R and R′. If the center of the circumference is inside the volume the value

of the radius is taken with the positive sign, otherwise is taken with the negative sign.

§ 1.2. Coalescence of droplets

In the previous section, we introduced the Laplace equation and showed how it explains

the coalescence of small droplets oil in water emulsions.

A liquid/liquid emulsion is a system formed by the dispersion of small droplets of one

liquid in another. To form small droplets, it is necessary to work with weak interfacial

energies (otherwise capillary effects, which favor the formation of large drops, destabilize

the emulsion by causing droplets to coalesce); in practice, it is necessary to use surfac-

tants to form an emulsion. Depending on the relative concentrations, different types of

emulsions can be distinguished: simple emulsions, emulsion-gels, bi-liquid foams. We

also introduce a classification according to the size of the droplets: macro-emulsions
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are systems made up of droplets larger than one micrometer (e.g. milk), while micro-

emulsions are made from submicrometric droplets. Macro-emulsions are in a metastable

state, and are destined to undergo a separation of phases (for milk, this leads to the

spontaneous formation of cream). Phase separation is energetically favorable because it

minimizes, at a fixed volume, the area of contact between phases [55]. The study of the

coalescence of droplets is a problem of major interest because of the implications in the

emulsion stability and the generation of reaction platforms in closed microfluidics [56].

The coalescence phenomenon between two droplets immersed in another liquid is well

described in a work by K. Chester in 1991 [57]. Following his reasoning, we can describe

the shape of two droplets making contact using three different parameters: the radius

of the drops R, the radius of the contact area between the drops a and the thickness of

the film between the drops h (see fig. 1.3). In this case to perform the coalescence it is

necessary to drain the liquid film between the droplets. The viscous force associated to

the drainage of the film slows down the coalescence and can be quantified as [58]:

Fη =
3

2
πη

a4

h3
u (1.5)

where η is the viscosity of the fluid around the two droplets and u is the velocity of

approach of the droplets. The larger the approaching velocity is, the larger the viscous

force acting against the motion due to the drainage of the film. After the drainage of

the film has taken place, the two droplets can make contact. If the emulsion is stabi-

lized with a surfactant, there is another repulsion effect to overcome in order to obtain

the coalescence. In this case the coalescence phenomenon is linked to the probability

of the displacement of the surfactant on the surface that allows the coalescence to take

place [59].The coalescence can be enhanced either by the presence of a long range at-

traction force between the droplets that increases the pressure at the contact point, or

by the change in ion concentration of the solution that reduces the repulsion due to the

surfactant. To quantify these two contributions, we can write the characteristic time as:

τ ∼ e−∆P

[ion]
(1.6)

Once the barrier between the drops is broken, the coalescence begins. In the center

and on the right of fig. 1.3, the different steps of the coalescence process are described.

In particular, the series of snapshots in the center [60] resembles the onset of the phe-

nomenon with a wave propagating from a critical point in the center to the rest of the

droplet for a case of two silicone oil droplets (1000 cSt) spreading and coalescing on a
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Figure 1.3 : From left to right: schematic representation of two droplets before the coalescence,
optical microscopy images of two silicone oil droplets (1000 cSt) spreading and coalescing on a
flat polystyrene substrate (dark regions are oil, light regions are background) [60], schematic
representation of the different steps of the coalescence process: contact between the droplets
(1), beginning of the coalescence (2), end of the coalescence (3), arrangement of the shape to
minimize the surface area (4).

flat polystyrene substrate. Instead the schematic representation on the right represents

the whole description of the phenomenon: contact between the droplets (1), beginning

of the coalescence (2), end of the coalescence (3), arrangement of the shape to minimize

the surface area (4).

§ 1.3. Wetting of drops on horizontal substrates

The presence of the surface tension has major effects also when a third solid phase is

present in the system. The study of how liquids spread on solid surfaces is called wetting.

Specific wetting topics of interest for this thesis are discussed in different subsections:

the contact angle (1.3.1), heterogeneous and rough surfaces (1.3.3), liquid surfaces 1.3.4

and the shape of drops (1.3.2).

§ 1.3.1. The contact angle

The first consideration that has to be made when we consider a system in which a liquid

and a solid interact is that there exist two different regimes of wetting: complete and

incomplete wetting. The parameter that distinguishes them is the spreading parameter

S, which measures the difference of the energy of the substrate when it is dry or wet:

S = [Esubstrate]dry − [Esubstrate]wet (1.7)
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Figure 1.4 : From left to right: schematic representation of the consequences of different values
of spreading parameter, two different methods to obtain the contact angle: studying the forces
(top) or studying the works (bottom).

or

S = γSA − (γSL + γ) (1.8)

where the three parameters γ are the surface tension at the solid/air, solid/liquid and

liquid/air interfaces, respectively. If S > 0 the liquid spreads completely on the surface

of the solid in order to lower its surface energy (complete or total wetting). If instead

S < 0 the drop does not spread and forms at equilibrium a hemispherical cap resting on

a surface with a contact angle θE (incomplete or partial wetting). There are two main

ways to obtain a formula that quantifies the value of the contact angle on a surface.

The first method (see figure 1.4 right, top) consists of evaluating the capillary forces

acting on the line of contact (also called triple line) and equating their sum to zero. The

equilibrium of this forces yields:

γcosθE = γSA − γSL (1.9)

known as Young’s relation for the contact angle. The projection of the capillary force

onto the vertical axis is balanced by a reaction force exerted by the horizontal surface:

if the surface soft, the contact leads to a deformation of the surface (for example this

phenomenon can be seen when a drop of water is deposited on a surface with fresh paint,
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the deformation leaves the mark on the surface if the drop is dried).

The second method relies on calculating the work done by moving the contact line of a

distance dx:

δW = (γSA − γSL)dx− γcosθE (1.10)

At equilibrium this work equals zero and we find again the expression in equation 1.9.

There are several methods to obtain an experimental measure of the contact angle. In

the case of large angles (≥∼ 40◦), that include all the examples presented in this thesis,

the measure of the contact angle is performed taking a side view photograph of the

droplet and using the snapshot to determine the angle.

Using the contact angle of water as a reference parameter, we can define three classes of

surfaces:

• Hydrophilic surfaces: θE < 90◦

• Hydrophobic surfaces: 90◦ < θE < 150◦

• Superhydrophobic surfaces: θE > 150◦

Figure 1.5 shows three examples of snapshots of water droplets on the three different

surfaces. The hydrophobic/hydrophilic character mainly depends on the chemical nature

of the surface. Superhydrophobicity requires also the presence of a rough surface at the

micro/nano scale.

For a real surface the apparent equilibrium contact angle θE is not sufficient to

describe the dynamics of a sessile drop due to the presence of chemical and morphological

inhomogeneities which act as pinning sites of the contact line [1]. It is then useful

to introduce the contact angle hysteresis (∆θ) that is the key macroscopic parameter

governing drop dynamics. The value of the contact angle varies between a maximum

value (θA, advancing contact angle) and a minimum value (θR receding contact angle).

As we will see in section 1.4 θA(θR) corresponds to the angle that the a drop assumes

when moving forward(backward) the contact line. We can define:

∆θ = θA − θR (1.11)

When we deposit a drop on a surface, it will assume a contact angle of equilibrium

θR < θE < θA, the exact value depending on the local properties of the surface in

proximity of the contact line and on the way we have deposited the droplet on the

surface. These facts have the obvious implication that the measure of the contact angle

in a non-controlled environment is a very difficult task. To improve the quality of the
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Figure 1.5 : From left to right snapshots of water droplets of 4 µl deposited on: a glass substrate
(hydrophilic), a teflon substrate (hydrophobic) and a lotus leaf (superhydrophobic).

measurement the experimental procedure of preparation and cleaning of the surface and

of deposition of the droplet must be performed accurately

§ 1.3.2. The shape of drops

The shape of drops on flat surfaces is the result of the balance between the surface tension

and the gravitational force. To better describe the system it is necessary to introduce a

new quantity called capillary length λ. The comparison between the capillary length

(λ) and the characteristic length of the system l allow to understand which of the two

contributes between gravity and surface tension is the most important to determine

the shape of a droplet: if l < λ, the surface tension dominates, if instead l > λ the

gravitational force dominates.

The capillary length can be estimated by comparing the Laplace pressure γ/λ to the

hydrostatic pressure ρgλ at a depth λ in a liquid of density ρ. Equating these two

pressures defines the capillary length:

λ =

√
γ

ρg
(1.12)

The value of λ is usually of the order of a millimeter (even for mercury which has

large γ and ρ ). To strongly change the value of λ without changing the chemical

properties of the liquid it is necessary to change the value of g. This can be achieved by

working in micro gravity or changing the density of the liquid around the droplet to take

advantage of the buoyancy force or again taking advantage of an external force parallel

to the gravitational force.

The capillary length plays a fundamental role in determining the shape of drops on a

surface. At small volumes the shape is hemispherical. If we increase the volume we

can observe that, over a certain volume, the drop tends to flatten under the influence
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Figure 1.6 : From left to right schematic representation of the side view of different droplets at
increasing volume on a surface, the increase of volume over a certain value lead to the formation
of a flat droplet of defined thickness e.

of gravity. The shape of the drop will therefore change from perfectly similar to a

hemispherical cap to almost completely flat depending on whether its radius R is small

or large compared to the capillary length λ.

For the case of R >> λ at equilibrium, the drop takes the shape of a puddle of thickness

e. The value of e can be calculated and is linked with the value of λ and of θE . To

calculate the relationship between these parameters we consider the horizontal forces

acting on a portion of liquid. The equilibrium of the forces can be expressed as:

1

2
ρge2 + γSA − (γ + γSL) = 0 (1.13)

where
1

2
ρge2 is the hydrostatic pressure P integrated over the entire thickness of the

liquid. Remembering the relations in the young equation (1.9) we find that:

γ · (1− cos θE) =
1

2
ρge2 (1.14)

which leads to:

e = 2λ sin

(
θE
2

)
(1.15)

It is interesting to notice that for angles not too small the thickness of the puddle is

of the same order of magnitude of λ.
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§ 1.3.3. Heterogeneous and rough surfaces

One possible way to account for the imperfections of a real surface is to consider the

case of a heterogeneous surface with domains of different wettability (see fig. 1.7.a).

If the domains are small in comparison to the dimension of the droplet, the system is

well described by the Cassie Baxter model [61]. In this case the drop will assume a

static contact angle given by the weighted average of the wettability characterizing the

different materials forming the surface. For the most simple scenario a flat surface is

formed by only two different materials with contact angles θ1 and θ2. The resulting

contact angle depends on the two contact angles and on the fraction of each materials

under the droplet:

cos θCB = f1 cos θ1 + f2 cos θ2 (1.16)

where f1 and f2 are the fractions of surface occupied by the materials 1 and 2.

If a surface is rough, liquid can fill all the voids as shown in figure 1.7.b. The roughness

is quantified with a parameter r ≥ 1, defined as the ratio between the real surface to

the apparent surface area [62], which is equal to 1 in the case of a flat surface [63]. If we

consider a displacement of the contact line as in equation 1.10 taking into account the

contribute due to the roughness we find:

δW = r(γSA − γSL)dx− γcosθ∗ (1.17)

At equilibrium, δW is equal to 0 and using the Young equation 1.9 we find the so

called Wenzel equation:

cos θ∗ = r cos θE (1.18)

If we look at this result we can notice that:

• if r = 1 we recover the solution for a flat surface

• if the surface is hydrophilic ( θE < 90◦ ), enhances its hydrophilicity, e.g. makes

the contact angle lower

• if the surface is hydrophobic ( θE > 90◦ ), enhances its hydrophobicity, e.g. makes

the contact angle higher

We can conclude by saying that the roughness enhances the wetting properties of the

surface.

This first analysis can be completed with the particular case of a droplet that does not
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Figure 1.7 : From left to right schematic representations of a water drop on: a) an heteroge-
neous surface with domain with different wetting properties, b) a generic rough surface, c) an
hydrophobic rough surface.

fill the underlying cavities of the surface (see fig 1.7.c) (fakir or Cassie state [64]). In

this case the surface energy of the dry solid is lower than that of the wet solid and, as

a consequence, air pockets are trapped between surface structures. Knowing that the

water-air contact angle is θair = 180◦ we can use the Cassie-Baxter relation to write:

cos θCB = fA cos θair + fS cos θc

= (1− fS)(−1) + fS cos θc

= −1 + fS(1 + cos θc)

(1.19)

This formula describes very well what happens with the superhydrophobic surfaces.

In the case of the lotus leaf, for example, the micro-nanoscopic structures of the surface

of the leaf enhance the air trapping under the water droplets [65]. From equation 1.19,

it is easy to see that the higher the fraction of air under the droplet, the higher the

contact angle. In the lotus leaf the presence of a multi level roughness guarantee that

the percentage of air under the droplet is very high and this produces contact angles

θE ≥ 150◦. Until now we have always talked about liquid drops on solid surfaces and

we have seen approaches to vary the hydrophobicity by modifying either physical or

chemical properties of a surface. For example, in the case of physical patterning of a

hydrophobic material, the surface roughness can be considerably increased to reduce

the surface-liquid contact area by introducing air pockets within the structure. The

main advantage of these substrates is that high contact angle can bring to high water

repellency properties and so hypothetically can be used in a lot of applications. On the

other side, the main disadvantage of such surfaces is that heterogeneous wetting (Cassie-

Baxter regime or superhydrophobic regime) can turn into homogeneous wetting (Wenzel
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regime) by external stimuli such as pressure and vibrations [66] which is characterized

by strong pinning. In other words it is the CA hysteresis rather than the CA that

determines the water repellency of a surface.

As we said before, the CA hysteresis is linked with the presence of imperfections of the

substrates either of chemical and morphological nature. In the past the effort to obtain

real surfaces without defects was focused on developing more and more complicated

surface treatments. Recently has been explored a novel approach to the problem: liquid

surfaces.

§ 1.3.4. Liquid surfaces

A different approach to achieve low-hysteresis properties involves surfaces containing

pockets of a lubricating liquid rather than of air [12] [13] [2]. These novel functional

surfaces, known as liquid-infused surfaces (LIS) [12] , lubricant-impregnated surfaces

(LIS) [14] or slippery liquid-infused porous surfaces (SLIPS) [13] (in the following iden-

tified with the acronym LIS), are textured materials usually imbibed by a lyophilic oil

as shown in Figure 1.8. The premise for such a design is that a liquid surface is intrin-

sically smooth down to the molecular scale, provides immediate self-repair by wicking

into damaged sites in the underlying substrate, is largely incompressible, and can be

prepared to repel immiscible liquids of virtually any surface tension [13].

The approach just described is inspired by the Nepenthes pitcher plant that uses its ex-

ternal skin to lock-in an intermediary liquid that then acts as the repellent surface [67].

In pitcher plants, this liquid film is aqueous and effective enough to cause insects that

step on it to slide from the rim into the digestive juices at the bottom by repelling the

oils on their feet [68].

These surfaces can be replicated synthetically in different ways. To mimic the solid tex-

ture of the Nepenthes pitcher plant an ample variety of synthetic substrates has been

used to trap the lubricant [2]: Teflon nanofibrous membranes [13], hierarchical textures

comprising microposts covered with nanofeatures fabricated using laser ablation [69],

regular arrays of microposts of different shape [70] and parallel grooves [71] made by

standard photolithographic techniques, silicone oil films deposited on a substrate and

annealed at high temperature [72] and self-assembly polystyrene microbeads on scotch

tapes with the aid of an inkjet printer [73].

Since a drop on a LIS comprises four distinct phases (the textured solid, the lubricant, the

liquid that needs to be shed and the surrounding gas,), it exhibits a rich phenomenology.

Actually, there exist 12 different thermodynamically stable wetting states depending on

the interfacial tensions, the roughness and the solid fraction [14]. While thermodynam-



20 Drop dynamics

ical arguments are sufficient to predict the presence of different drop configurations on

LIS, to date there is no theory for computing the corresponding values of the contact

angle and contact angle hysteresis, despite their relevance as key design parameters for

any application. The most relevant configurations favouring slippery behaviour, i.e. con-

figurations where the drop does not wet the substrate, are schematically represented in

the snapshots a, b, c, d of figure 1.8. The drop may rest on top of the lubricant (Figure

1.8 (a) and (b)), it may sink into the lubricant and rest on top of the protrusions (Figure

1.8 (c) and (d)) or it may penetrate into the textured substrate (not shown). Either the

lubricant cloaks the drop (Figure 1.8 (a) and (c)) or the drop sinks into the lubricant

untill it reaches a certain height, at which point the lubricant forms an annular wetting

ridge around the drop that is pulled above the substrate (Figure 1.8 (b) and (d)). De-

pending on the interplay of the interfacial tensions, a LIS can exhibit zero (Figure 1.8

(a)), one (Figure 1.8 (b) and (c)) or two (Figure 1.8 (d)) three-phase contact lines.

To obtain a stable impregnation, the contact angle θos(v) of the impregnating oil (sub-

script ’o’) on the smooth solid (subscript ’s’) in the presence of vapor (indicated as ’v’)

has to be less than a critical angle θc, given by the expression:

θc = cos−1 1− φ

r − φ
(1.20)

where φ is the fraction of the projected area of the surface that is occupied by the

solid and r is the roughness of the substrate [12]. The texture tops are submerged or

exposed depending on the spreading coefficient of the impregnating oil on the solid in the

presence of the drop given by Sos(w) = γsw−γow−γos , where γij is the interfacial energy

between the phases i and j: if Sos > 0 (complete spreading of the lubricant), a thin Van

Der Waals film submerges the top of textures and weakens or even eliminates pinning

sites [14]. For a complete description of the droplet wetting state is also important to

consider the possibility of cloaking (or encapsulation) of drops by the impregnated oil

because it may prevent condensate growth, accelerate oil depletion from the texture and

contaminate the droplets [74]. The cloaking occurs when the spreading coefficient of oil

on water in the presence of vapour is positive ( Sow(w) = γwv − γov − γow ). In the case

of water drops, cloaking occurs with silicone or fluorinated oils as lubricants, whereas

no cloaking takes place with ionic liquids. The extremely weak pinning of LISs makes

these surfaces ideal for a variety of important applications. For intance the apparent

contact angle on LISs is typically around 90◦, that is low enough to provide significant

contact with the substrate and thus significant temperature differences between both

edges of the deposited droplet, unlike what is observed on superhydrophobic surfaces
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Figure 1.8 : TOP: from left to right: snapshot of a water droplet deposed on a LIS, schematic
representations of a water drop on a LIS with an ordered nano post pattern, schematic repre-
sentations of a water drop on a LIS with a random network of nano fibers. BOTTOM: possible
wetting configurations of a slippery lubricant-impregnated surface (LIS): (b) and (d) the lubri-
cant does not cloak the drop; (a) and (c) the lubricant cloaks the drop. Drops on LISs can
exhibit zero (a), one (b) and (c) or two (d) three-phase contact lines.
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for which contact is minimized. In other words LISs can enhance water transportation

taking advantage of temperature gradients. Using a lubricant with viscosity comparable

to that of water and temperature gradients as low as 2 K/mm, drops can propel at 6.5

mm/s [69], that is at least five times quicker than reported on conventional substrates [2].

Condensation of water drops on a LIS occurs with enhanced droplet mobility compared

to superhydrophobic surfaces. The enhancement results from the fact that the condensed

droplets stay afloat on the lubricant with minimal pinning to the surface compared for

example with superhydrophobic surfaces, where condensation occurs within the texture

so droplet get strongly pinned [2]. Another advantage of the LISs is that they can be

iceophobic [75] [76]. Finally, LISs are promising candidates for anti-biofouling coatings,

alternative to common methods based on toxic release, intensive chemical attack or

mechanical removal [77] and for anti marine macrofouling organisms coatings [78].

§ 1.4. Sliding of droplets

This section will give an insight on the sliding properties of droplets on inclined surfaces.

First the discussion will focus on the transition between static and dynamic phenomena

deepening the role of the contact angle hysteresis (1.4.1), then the characteristics of the

motion on a partially wetted plane will be presented (1.4.2) and, in the end, the focus

will be moved to the properties of sliding on a LIS (1.4.3).

§ 1.4.1. The role of contact angle hysteresis on the sliding

To study the properties of moving droplets on inclined surfaces let us start from what

we know about the contact angles. As explained previously, the defects on the solid

surfaces cause a variation in the contact angles between a minimum and a maximum

value. These two values are directly linked to the dynamic behavior, to see how, let

us consider a droplet of water on a horizontal substrate and assume that the contact

angle has the same value all around the droplet. At a certain point we begin to tilt the

substrate in a certain direction: the shape of the droplet is no more symmetric [79] and

the contact angle will no more assume the same value all around the droplet, increasing

in the lower part and decreasing in the upper one (see fig. 1.9). The lower angle increases

and the upper angle decreases until the droplet begins to slide. The two critical angles

are called advancing (θA) and receding (θR) angles and the critical value of the tilting

angle that should be applied to obtain the droplet movement is called sliding angle αS .

At this point it should be clear that the greater the contact angle hysteresis (θA − θR)

the greater the sliding angle αS . This fact is a clear indication of the link between the
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contact angle hysteresis and the droplet-surface friction. To find the relation between

the sliding angle αS and contact angle hysteresis we can consider the work done to move

the drop by a distance dx along the plane [80]. For the sake of simplicity, we assume an

almost rectangular shape of the contact area of width w, as sketched in fig. 1.9. The

active force is that gravitational and the corresponding work relative to a displacement

equal to dx is:

W = mg sinαSdx (1.21)

where m is the mass of the droplet and g is the gravity acceleration. Moving down the

plane, the droplet will wet an area equal to wdx and the same area will be dewetted

by the rear edge. The work done in wetting a unit area of solid surface is equal to

γ(1+cos θA) and similarly, the work for dewetting a unit area of surface is γ(1+cos θR).

Hence the total work associated to capillary forces is:

W = wdxγ(1 + cos θR)− wdxγ(1 + cos θA) (1.22)

Combining eq. 1.21 and eq. 1.22 we obtain:

mg sinαS

w
= γ(cos θR − cos θA) (1.23)

A generalization of this formula valid in cases of different droplet shape is:

mg sinαS = kRγ(cos θR − cos θA) (1.24)

where R is the droplet radius and k is a dimensionless number linked with the geometry

of the contact line shape [81]. The equation 1.24, known as Furmidge’s equation, links

the sliding angle with the values of θA and θR. The only problem with this formula is

that the value of k is not of easy calculation.

§ 1.4.2. Motion of droplets on partially wetted surfaces

Drops on a surface inclined by more than the sliding angle move on the plane being

subject to three forces, whose in-plane components, as showed in fig. 1.9, are [82] [83]:

• component of the gravitational force ∼ ρV g sinα

• viscous drag on the surface ∼ −ηUV 1/3

• interfacial force ∼ −γ∆θV
1/3
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Figure 1.9 : From left to right schematic representation of the side and top view of a sessile
droplet sliding down an inclined plane.

where ρ is the liquid density, V the droplet volume, α the plane inclination, η the liquid

viscosity, U the droplet velocity, γ the surface tension and ∆θ is a non dimensional factor

depending on the distribution of the contact angle around the perimeter of the droplet

and on the perimeter shape. Once the motion has started, forces will balance and the

droplet will reach a constant velocity and almost a constant shape. Force balance implies

a scaling law of the form:

Ca ≃ Bo−Boc (1.25)

where:

• Ca =
ηU

γ
is the capillary number that represents the relative effect of viscous

forces versus surface tension;

• Bo =
ρg sinαV 2/3

γ
is the Bond number relative to the gravity component versus

the surface tension:

• Boc is a constant that depends on the contact angle hysteresis through ∆θ

Ca and Bo are dimensionless numbers and so are very useful to compare measurements

in different experimental situations when the drop is moving (droplets with different

volumes, viscosities, sliding angles etc.). Another interesting aspect regarding the sliding

of droplets is the study of the internal flow. Both theoretical studies [84], [85], [86] and

experimental observations [87] have been conducted to understand the flows. Gao and

McCarthy [88] postulated two mechanisms for droplets movement:
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Figure 1.10 : Schematic representation of the flux inside a sessile droplet sliding down an
inclined plane in the sliding (left) and in the rolling (right) configuration.

• a sliding motion (see fig. 1.10 left): particles near the solid liquid interface exchange

their position with those at the gas-liquid interface, while the bulk of the liquid

translates rigidly. Particles in the rotating layer undergo a movement similar to

the motion of a tread of a caterpillar tank;

• a rolling motion (see fig. 1.10 right): the whole fluid mass assumes a circulatory

movement.

These behaviors have been observed in simulations [84], [85], [86] and in experimental

measurements [87]. In many cases, the internal motion of the fluid is a mix between

the two situations. The predominance of one effect over the other is regulated by the

viscosity contrast between the droplet fluid and the surrounding fluid [86]. In particular

when the liquid droplet is more viscous than the surrounding one the rolling effect will

dominate. On the opposite, if the surrounding fluid is more viscous the dynamics shifts

toward the external fluid and so the drops slide in this case. This is consistent with

intuition, for example a “bubble” will simply slide in a liquid rather than roll when

moving on a surface.
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§ 1.4.3. Motion of droplets on LIS

As expected, the dynamics of drops on inclined LIS is quite rich [14]. The case of the

sliding on LISs is particular because the liquid surface not only is flat and without de-

fects but because it presents also completely different boundary conditions with respect

to the solid surface. This kind of surfaces presents sliding angles near zero and the

contact angle hysteresis is below 5◦ degrees [13], [14], [72], [89]. The presence of two

interfaces (solid-oil and oil-liquid) complicates the analysis of the droplet dynamics.

The friction associated to sliding droplets on LIS has been studied in [89]. Dissipation

occurs in both water and oil: on one hand water moves inside the drop, on the other

hand oil moves under the drop and along the edge meniscus. Which of these three factors

dominates (if one dominates over the others) depends on the ratio between the droplet

and the infused oil viscosity ( ηw and ηo ) and on the droplet velocity. In general three

distinct situations can occur:

• ηw >> ηo In this case the dissipation has a viscous origin and the interfaces keeps

a quasi static shape [89]. The velocity satisfies a relationship similar to the one

valid for a droplet sliding on a partially wet plane:

v ≃ ρg sinαV 2/3

ηw
(1.26)

• ηo > ηw Dissipation is expected to take place in oil, that is, in the underlying

film and in the surrounding meniscus. If we consider the dynamic nature of the

meniscus which is constantly pushed by the moving drop, the analysis of the viscous

effects in the front edge of the moving meniscus yields superlinear friction:

v ≃ B sin3/2 α (1.27)

where the factor B include several contributes linked to the geometry of the pattern

below the oil. As the driving force is increased, the wedge dissipation is suddenly

suppressed, which leads to a different dynamical regime that seems to arise from

the self-lubrication of the drop where:

v ∝ sin3 α (1.28)

explained assuming that oil is constantly extracted from the texture by water

surface tension before being reinjected below the drop [89].
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In the case ηo > ηw the oil-water interface moves at a negligibly small velocity

relative to that of the droplet’s center of mass. If we add particles to the water

droplet and then track their displacement we can observe that the particles are

subjected to a circular motion [14] i.e. the droplet undergoes rolling motion.
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Chapter 2

Ferrofluids

This chapter deals with the physical properties of the ferrofluids. After giving a brief

definition in section 2.1, the stability properties of the material will be studied in section

2.2, then we will focus on the magnetic properties and on the forces of interaction in

section 2.3, on the topological instabilities of the ferrofluids in section 2.4 and on the

magnetoviscous effect in section 2.5. Finally some techniques of synthesis and charac-

terization will be presented in section 2.6.

§ 2.1. Definition

Ferrofluids are colloidal suspensions of ferromagnetic nanoparticles [34] and present

themselves as black or dark brown liquids (this does not allow to study the internal

structure using visible light). A colloidal suspension is in general a mixture between a

liquid at the macroscopic scale (matrix phase) and another material at submicromiter

size (dispersed phase). In the case of ferrofluids the dispersed phase is composed of

ferromagnetic nanoparticles, which can have different shapes, chemical composition and

mean size [90] [91]. These magnetic particles are so small that they behave similarly to

the molecules of the liquid in which they are suspended. However, each particle acts like

a small permanent magnets [33], which can interact with the external magnetic fields.

Such magnetic interaction displays itself through different forces and pressures that al-

low to control the ferrofluid’s viscosity [39], shape [52], motion [49] etc.

The versatility of the ferrofluids makes them of interest both for fundamental and more

applied studies. Ferrofluids are widely used as liquid seals and lubricants held in place

by magnetic fields, while actuation with dynamic magnetic fields allow building of fer-

rofluid based pumps, valves and tunable optical systems [92]. The possibility of tuning

the interaction with the magnetic field makes the ferrofluids very interesting also for

29
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various microfluidic applications [93] [92].

§ 2.2. Colloid stability

To obtain a ferrofluid, precise conditions for the physicochemical stability must be satis-

fied [34] (pag. 34). To understand the physical origin of the stability criteria it is useful

to write the expressions of the various energy terms per particle and confront them.

Initially we will consider the thermal energy as the only factor that opposes the precip-

itation and the aggregation of the nanoparticles. The thermal energy can be quantified

as:

thermal energy ∼ kT (2.1)

where k is the Boltzmann’s constant and T is the absolute temperature.

The nanoparticles are also subjected to the action of the gravitational field and the

presence of the external magnetic field. The corresponding interaction energies can be

estimated as:

magnetic energy ∼ MBV

gravitational energy ∼ ∆ρV gL
(2.2)

where M is the magnetization of the single nanoparticle, B is the applied magnetic

field, V is the volume of the nanoparticle, ∆ρ is the difference in density between the

nanoparticle material and the carrier fluid and L is the elevation in the gravitational

field (see fig. 2.1 left).

In a magnetic field gradient, the nanoparticles are attracted to where the magnetic field

is higher while the thermal motion acts to disperse them all over the volume of the

liquid. If the thermal energy is greater than the magnetic energy, the particles do not

segregate by the action of the magnetic field, that is:

thermal energy

magnetic energy
=

kT

MBV
> 1 (2.3)

Evaluating the volume of a single nanoparticle as V = πd3/6, we can write the

previous relation in terms of a condition on a minimum diameter:

d < (6kT/πMB)1/3 (2.4)
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If, for example, we substitute the maximum magnetic field and magnetization values

employed in this thesis (B ≈ 0.5 T and M ≈ 50 kA/m) inside the equation the maximum

diameter to guarantee the stability is around d ≃ 10 nm at room temperature. This

limit has also the conseguence that each nanoparticle corresponds to a single magnetic

dipole because of its size.

The same reasoning can be followed to establish the criterion associated with the presence

of a gravitational field. Again, we compare the gravitational energy with the thermal

energy:

thermal energy

gravitational energy
=

kT

∆ρV gL
> 1 (2.5)

If we consider nanoparticles of size d < 10 nm and typical values of ferrofluid thickness

L (≈1 cm) and ∆ρ (≈ 4000 kg · m−3), the ratio between the two energies become far

greater than one at room temperature.

Until now we have considered the interaction of the nanoparticles with the external fields

but the nanoparticle interact also among themselves. There are two main contributions

that favor the agglomeration of the nanoparticles: the dipole-dipole energy and the Van

der Waals interaction. The dipole-dipole energy of two interacting magnetic particles

separeted by a distance l can be written as:

Edd =
π

9

µ0M
2d3

(l + 2)3
(2.6)

If l is near to zero, we reach the maximum of interaction energy and the formula 2.6

becomes:

Edd =
1

12
µ0M

2V (2.7)

Again the thermal agitation tends to disrupt the agglomerates, accordingly we must

consider the ratio:

thermal energy

dipole-dipole contact energy
=

12kT

µM2V
(2.8)

which yields the following criterion:

d < (72kT/πµ0M
2)1/3 (2.9)

The maximum particle size to avoid aggregation is again of the order of d < 10 nm.

This estimate shows that normal magnetic fluids having particle size in the range up to
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Figure 2.1 : Left: schematic representation of the forces acting on a ferrofluid. Center: sta-
bilization of the nanoparticles using a steric repulsion. Right: stabilization of the nanoparticles
using a ionic repulsion.

10 nm can be safely assumed as stable.

The case of the Van der Waals attractive force is a little more complicated. The Van der

Waals forces arise spontaneously between neutral particles because of the fluctuating

electric dipole-dipole forces that are always present. It turns out that this force of

interaction varies as [34]:

dipole fluctuation energy = −A

6

[
2

l2 + 4l
+

2

(l + 2)2
+ ln

l2 + 4l

(l + 2)2

]
(2.10)

where A is the so called Hamaker constant and for iron composites is around 10−19N ·m.

This result obtained by Hamaker [94] indicates that the energy is proportional to l−1

for near spheres and l−6 for distant spheres. The l−1 indicates that infinite energy

is necessary to separate two particles in contact, differently from the case of magnetic

dipole attraction for which the value at contact was finite. It is thus necessary to prevent

the contact between the particles by adding a repulsive force between the nanoparticles.

This can be done in two ways as showed in figure 2.1: decorating the nanoparticles with

a surfactant or charging the nanoparticles with electrical charges.
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§ 2.3. Magnetic properties and forces of interaction

In the previous section we have seen that the thermal energy of the nanoparticles is

sufficient to stabilize the colloid in almost all the cases. The thermal energy however

has another important effect: it guarantees a continuous and random orientation of

the magnetic dipoles inside the ferrofluid (each nanoparticle corresponds to a single

magnetic dipole because of its size). If an external magnetic field is applied, the dipoles

begin to align along the lines of magnetic field and, as the magnetic field is increased,

this alignment extends to more and more nanoparticles, until, at a certain point, all

nanoparticles are aligned with the field and the magnetization of the liquid reaches its

maximum value. When the magnetic field is turned off, the dipoles return to have

random directions thanks to the thermal agitation. As a result, the overall behavior of

the ferrofluids is paramagnetic, i.e. they do not show any residual magnetization when

the field is off. However, the ferrofluid exhibit a magnetic permeability that is orders of

magnitude greater than the typical paramagnetic materials and this is obviously due to

the fact that the nanoparticles inside the colloid are ferromagnetic.

We can describe the magnetic properties of a material in a more quantitative way through

the magnetization curves, which represent the response of a material to an applied

magnetic field. Some typical examples of magnetization curves are shown in figure

2.2. The magnetization curves are characterized by a magnetic susceptibility (χm) that

corresponds to the tangent to the magnetization curve for a field applied near to zero

and, if present, by a saturation magnetization (Ms) that corresponds to the maximum

value of magnetization that can be reached at high B. The materials like the ferrofluids

that present no hysteresis in the magnetization curve and a high χm, typically 105 times

larger than normal paramagnetic materials, are called superparamagnetic [95].

Assuming that the particle-particle interaction is negligible, we can build a model for the

superparamagnetism starting from the Langevin’s classical theory [96]. The saturation

magnetization of the ferrofluid can be calculated from:

M

φMd
= cothα− 1

α
≡ L(α) with α =

π

6

MdBd3

kT
(2.11)

where Md is the saturation magnetization of the bulk material and φ is the volume

fraction of solid present. For the same magnetic material, we have two ways to control

the magnetic interaction: the diameter of the nanoparticles and the nanoparticle con-

centration. If we change the mean diameter of the nanoparticles while keeping constant

the magnetic material concentration, what we obtain is to vary the value of χm as can

be seen in the left graph of figure 2.2. If instead we change the concentration of the
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Figure 2.2 : From left to right: magnetization curves at different mean diameter of the nanopar-
ticles, magnetization curves at different nanoparticle concentration.

nanoparticles, we vary both the value of χm and of Ms as can be seen in the right graph

of figure 2.2. In this last scenario, if the concentration of nanoparticles is not too high

(remember that this whole model needs to have negligible particle-particle interaction)

the values of χm and of Ms change proportionally to the volume concentration φ.

A useful empirical formula which is commonly used to fit the magnetization curves of

ferrofluids is the Frohlich-Kennelly relation [97], [98]:

M =
MsH

H +Ms/χm
(2.12)

where H = B/µ0 and the free parameters are χm and Ms.

Now that the magnetization response to the applied magnetic field of a ferrofluid

has been introduced, we can begin to describe the effects that this interaction implies.

There are two main forces of interaction between a ferrofluid and a magnetic field: a

bulk force due to the interaction of the dipoles of the nanoparticles with the gradient of

the magnetic field and a surface force due to the difference in magnetization between the

ferrofluid and the surrounding material. To describe the bulk force acting on the volume

of the ferrofluid we can consider a portion of ferrofluid, with magnetization vector M

and subjected to an applied magnetic field B. If we consider the attraction between all

the dipoles and the gradient of the magnetic field we can define the Kelvin force density

as [34] (pag. 13):

force density = (M · ∇)B (2.13)

In the case of a field and relative gradient only in the x̂ direction, this force density
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becomes:

fm = Mx
dB

dx
(2.14)

The ferrofluids are therefore subjected to two main bulk forces: the gravitational force

and the magnetic attraction. If the magnetic attraction has the same direction of the

magnetic force we can define an effective gravitational force:

g∗ = g +
M∇B

ρ
(2.15)

and an effective capillary length:

a∗ =

√
γ

ρg∗
=

√
γ

ρg +M∇B
=

a√
1 +

M∇B

ρg

(2.16)

which reduces to the standard capillary length a representing the characteristic size

below which capillarity dominates gravity, in the absence of a magnetic field. If we want

to evaluate the contribution of the bulk forces with respect to the surface tension, we

can introduce a modified Bond number [99]:

Bog∗ =
ρg∗V 2/3

γ
(2.17)

The evaluation of the surface magnetic force due to the difference of magnetic prop-

erties at the ferrofluid interface is more complex. This force is mainly due to the fact

that the magnetization goes from a finite value to zero moving across the interface of the

ferrofluids. Let us start from the most general case of a ferrofluid drop (1) surrounded

by a fluid with no magnetization (2) and consider what occurs at the interface between

the two fluids (see figure 2.3). In this case, the general form of the interfacial momentum

transfer can be written as [34] (pag. 127):

n · (Tm,2 −Tm,1)− npc = 0 (2.18)

where n is the vector normal to the surface, Tm,2 and Tm,1 are the magnetic stress

tensor evaluated in the two fluids across the interface and pc is the capillary pressure.

At the same time we can consider a general form of the stress tensor namely:

Tm = −(p∗ +
1

2
µ0H

2)I+BH (2.19)
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where p∗ is the internal pressure of the fluid considering also the contribution of the

magnetic bulk interaction and I is the identity matrix. If now we apply the boundary

conditions for the continuity of the magnetic fields at the interface (normal component

of B continuous at the interface and tangential component of H continuous at the

interface) we find that the change in magnetization across the interface generates a

magnetic normal traction defined by:

pn ≡ µ0M
2
n

2
(2.20)

where Mn is the component of the magnetization normal to the surface. Considering

this last contribution the pressure balance at the surface can be written as:

p∗ + pn = p0 + pc (2.21)

where p∗ is the same as defined before and p0 is the external pressure. As we can see

in figure 2.3, in the case of a ferrofluid droplet the value of Mn varies a lot along the

surface. A clear consequence of this fact is that the traction pressure is higher at the

tip of the droplet than at the base, generating a net upward force that elongates the

droplet.

Also in this case we can express this contribution in terms of a dimensionless number,

the so called traction number S [34, 100]:

S =
µ0M

2V 1/3

γ
(2.22)

which compares the pressure jump at the ferrofluid interface due to magnetization with

the capillary pressure.

As we will see, the modified Bond number Bo∗g and the traction number S are useful

parameters to describe the phenomenology of the deformations on the ferrofluid volumes

and their topological instabilities.
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Figure 2.3 : From left to right: schematic representation of the different values of Mn along the
profile of a droplet, schematic representation of the pressure balance at the surface of a ferrofluid.

§ 2.4. Topological instabilities

The topological instabilities of the ferrofluids are maybe one of their most characteristic

features. There are two main topological instabilities: the normal field or Rosensweig

instability [36] and the labyrinthine instability [101] (see fig. 2.4).

In the normal-field instability, a perpendicular and uniform magnetic field applied to a

pool of ferrofluid produces the generation of a pattern of surface protuberances with the

form of spikes if a critical magnetic field is reached. The generation of spikes is due to

the difference in magnetization between the ferrofluid and the surrounding material. To

understand the mechanism of generation of this instability let us consider an infinite flat

surface of ferrofluid. The surface will experience the generation of capillary waves as a

perturbation of the flat surface due to the interplay between the gravitational force and

the surface tension.

When the capillary waves are generated in the ferrofluid, the magnetic field lines are

focused at the ridges lowering locally the magnetic energy (see fig. 2.5). At the same

time on the ridges the traction pressure is stronger than at the base as explained in

section 2.3. These effects however are opposed by the action of the gravity that tries to

restore the initial flat surface.

It can be shown [34] (pag. 178) that the surface waves satisfy the following dispersion

relation:

ω2 = gk + γk3 − k2µ0M
2
0

1 + µ0/µ
(2.23)
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Figure 2.4 : From left to right: normal field instability generated at the free interface of
a ferrofluid, labyrinthine instability caused on a confined ferrofluid by the magnetic field (the
ferrofluid in black is surrounded by a non magnetic fluid in white) [101].

The three terms are, respectively, the gravity waves (ω2 = gk), the capillary waves

(ω2 = σk3) and a quadratic magnetic term. As the magnetic field is increased, the

quadratic term becomes dominant until a transition from a stable to an unstable state

is reached characterized by:

ω2 = 0 and δω2/δk = 0 (2.24)

At this transition, ω changes from real to imaginary. In this situation we can identify

two critical values:

kc = (ρg/γ)1/2 (2.25)

M2
c =

2

µ0

(
1 +

µ0

µ

)
(ρgγ)1/2 (2.26)

The two quantities are clearly linked between each other and indicate the conditions

over which the normal field instability occurs. In particular, equation 2.25 indicates the

periodicity of the ridges and equation 2.26 indicates the lowest value of magnetization
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Figure 2.5 : Schematic representation of the onset of the normal field instability.

at which the phenomenon is observed. The presence of a magnetic field gradient [102]:

M2
c =

2

µ0

(
1 +

µ0

µ

)
(ρg∗γ)1/2 (2.27)

where g∗ is the effective gravitational acceleration defined in equation 2.15. We point

out that can be made is that we can re-write eq. 2.31 using equations 2.17 and 2.22 as:

Sc = α(Bog∗)
1/2 (2.28)

Showing that the normal field instability is linked with the balance between the two

forces of interaction acting on the ferrofluids described in section 2.3.

§ 2.5. Magnetoviscous effect

First described in 1969 [103], the variation of the viscosity of the ferrofluids as a function

of the magnetic field has been widely studied for its useful applications in the mechanical

industry [104] [105]. To describe this effects, we will follow the reasoning in [38]. First

of all, let us consider the viscosity of the ferrofluids in the absence of a magnetic field.

In the case of low concentrated, non-interacting rigid nanoparticles, the Einstein model

states that:

η0 = ηc

(
1 +

5

2
φ

)
(2.29)

where η0 is the viscosity at zero field of the ferrofluid, ηc is the viscosity of the carrier

fluid and φ is the volumetric fraction of the nanoparticles. If we want to describe more
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concentrated dispersions, the viscosity is better accounted for by the Batchelor’s model:

η0 = ηc

(
1 +

5

2
φ+ bφ2

)
(2.30)

where the parameter b is usually taken equal to 6.2 [38].

These models do not take into account the fact that at a certain volumetric fraction the

viscosity should diverge. This increase at high concentrations can be described by [34]:

η0 = ηc

(
1− 5

2
φ+

(
5

2
φc − 1

)(
φ

φc

)2
)−1

(2.31)

where φc is a critical value of the volumetric fraction.

In the case of ferrofluids, the Einstein model works well for values of φ up to 0.05, the

Batchelor model works for values of φ up to 0.2 and the Rosensweig model works for

values of φ up to 0.3 (see graph in figure 2.6 for a comparison between the three models).

For φ greater than 0.3 a more complex analysis is needed that takes into account the

interaction between the particles and the formation of clusters.

Let us now consider the case of a ferrofluid subjected to a magnetic field. In this case it

is experimentally observed that an increase in the magnetic field from 0 to 0.01 T corre-

sponds to an increase of the viscosity of the fluid of more than ten times [38]. Applying a

magnetic field a tendency for the magnetic moments of the particles to orientate towards

the field direction is expected [106]. On the other hand, due to the viscous friction in

the shear flow, a mechanical torque will act on each particle and will rotate it. Thus, the

free rotation of the particles in the flow is hindered and an increase in the viscosity of the

fluid is observed. This explanation for the magnetoviscous effect applies only for large

particles (diameter of about 13 nm for magnetite [39]) following the Brownian relaxation

process of magnetization and thus having the magnetic moments fixed within. Thus, for

commercial ferrofluids containing magnetite particles with a mean diameter of about 10

nm only, very weak magnetoviscous effects would be expected. On the contrary experi-

ments using a specialized rheometer for magnetic fluids find that commercial ferrofluids

show a strong magnetoviscous effect, which can only be explained by the formation of

magnetic structures built up by numerous particles [39]. For the formation of clusters,

the dipole-dipole energy of the particles has to overcome the thermal energy:

thermal energy

magnetic energy
=

kT

MBV
> 1 (2.32)



2.6 Synthesis and characterization 41

Since the dipole-dipole energy increases with the size of the particles, only ‘large’ par-

ticles can form structures (for magnetite-based ferrofluids the particles must have di-

ameters larger than about 12 nm). Accordingly ferrofluids can be described, at a first

approximation, as a bidisperse system containing a large fraction of small particles not

contributing to magnetoviscosity and a small fraction of relatively large particles able to

form agglomerates [39].

The enhancement of the magnetovisous effect can be achieved in two ways: changing

the size of the nanoparticles or changing the nature of the nanoparticles using a mate-

rial with a stronger magnetic interaction. Increasing the size of the nanoparticles have

several collateral effects like introducing the precipitation of the nanoparticles due to

gravity. Changing the material of the nanoparticle is usually the best option, because it

promotes cluster formation at relative small size of the nanoparticles.

The increase of the viscosity is greater at low shear rates. As the shear rate is increased,

the clusters are broken by the flow and the viscosity decreases [107]. In other words

ferrofluids exhibit shear-thinning behavior. Furthermore the clusters particles are ran-

dom at field equal to zero and they elongate in chains if the magnetic field is turned on

(see fig.2.6). The fact that the nanoparticles are disposed in ordered chains along the

magnetic field direction implies that the viscosity along the magnetic field is different

from the one in the perpendicular direction [34].

One of the most complete studies on the magnetoviscous effect as a function of the size,

nature of the nanoparticle and applied magnetic field has been performed in [106]. In

particular, the internal structure of the ferrofluid has been studied using SANS (small

angle neutron scattering).

§ 2.6. Synthesis and characterization

Understanding the techniques of synthesis of the ferrofluids is very useful to understand

how it is possible to determine the shape and size of the ferrofluid’s nanoparticles. The

most effective way to synthetize a ferrofluid suspension is described in [108]. The Massart

method consists of a coprecipitation technique: an aqueous mixture of ferric chloride and

ferrous chloride is added to ammonia solution, then the gelatinous precipitate is isolated

from the solution by centrifugation or magnetic decantation without washing with water.

Finally, the precipitate is dispersed in alkaline or acidic solution. This simple technique

allows to obtain polidispersed rock shape nanoparticles of maghemite. The mean size

of the nanoparticle depends on the kinetics of the precipitation reaction. To obtain a



42 Ferrofluids

Figure 2.6 : Left graph: comparison between the three models for the viscosity of a colloidal
solution in function of the volumic fraction. Figures a and b: cryogenic electron microscopy of
ferrofluid nanoparticles in the case of zero field applied (a) and in the case of a magnetic field
applied (b) [32].

monodisperse ferrofluid, Lefebure et al. [109] proposed a size sorting procedure based on

the addition of alkaline or acidic solution to the ferrofluid and the subsequent increase of

the magnetic field to obtain the precipitation of the biggest nanoparticles. In this way

the nanoparticles can be separated by size taking advantage of the stability properties

of the ferrofluid itself. The procedure to obtain nanoparticle of different materials like

the cobalt ferrite is practically the same.

To characterize the ferrofluid properties there are different techniques depending on the

properties that we want to study. Following is reported a list which associates the most

used techniques to the respecively studied properties:

• Magnetization curve: VSM (vibrating sample magnetometer) [110]

• Size of the nanoparticles: direct measure with TEM [111] or indirect measure from

the magnetization curve

• Volumetric fraction: indirect measure from the magnetization curve

• Iron concentration: atomic absorption.
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Experimental activity
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Chapter 3

Methods

In this chapter we will present the experimental techniques and methods used for the

experimental activity in this thesis. In particular first the characteristics of the ferrofluids

will be presented in section 3.1, then the characteristics of the magnets in section 3.2,

after that the the optical setup in section 3.3 and, in the end, the preparation of the

different substrate in section 3.4.

§ 3.1. Ferrofluids characteristics

The ferrofluids used in this work are stable aqueous suspensions of maghemite (γ −
Fe2O3) nanoparticles (ferrofluid code: FFD64). They are synthesized according to

the Massart process [108] with the following procedure: ammonium hydroxide (1 L,

20% from VWR) is added to a mixture of ferric and ferrous chlorides (0.9 and 1.8 mol,

respectively) to obtain magnetite nanoparticles that are oxidized to maghemite by adding

an iron nitrate solution (800 mL, 1.3 mol) and heating at 80 ◦ C for 30 min followed by

washing and suspension in a nitric acid solution (360 mL, 2 mol/L). These nanoparticles

are positively charged with NO−
3 as counter ions. To obtain a higher iron concentration

of the ferrofluid, the aqueous suspension is dialyzed (spectra pore membrane MWCO

(daltons): 12 000) in a bath (1 L) against nitric acid solution (0.1% wt) containing

polyethylene glycol (PEG, MW 35 000; 7% wt). After dialysis, the final concentration

of iron as obtained from atomic absorption measurements is 7.5 mol/L and the volumic

fraction of the nanoparticles is φ = 11.75% so for our ferrofluid is valid the relationship:

φ [%] = 1.566 · c [mol/L]. The nanoparticles have a rock shape with a mean diameter

of about 8.5 nm, as determined from transmission electron microscopy (see top right

panel of fig. 3.1). In figure 3.1 top left graph the magnetization curve of the ferrofluid

obtained with a custom made VSM (vibrating sample magnetometer) is presented: the

45
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Figure 3.1 : Top Left: magnetization curve of the ferrofluid used in this research (inset: zoom
of the same data at low magnetic field applied); Top Right: TEM image of the nanoparticles
inside of the ferrofluid; Bottom Left: graph of the variation of the density in function of the iron
concentration; Bottom Right: graph of the variation of the surface tension in function of the
iron concentration.

value of the magnetic susceptibility is χm = 1.55 ± 0.01 and the value of the magnetic

saturation is Msat = 38.22 ± 0.05 kA/m. Also for this ferrofluid the rule expressed in

section 2.3 for the proportionality of χm and Msat with the ferrofluid concentration is

valid.

The presence of the nanoparticles inside the ferrofluids modifies other properties of

the fluid in addiction to the magnetic ones. In the bottom part of figure 3.1 the changes

in density and surface tension increasing the concentration are described. The density

of the ferrofluid increases as expected while surface tension decrease increasing the iron

concentration.

The density enhancement is due to the simple fact that the nanoparticles are heavier
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Figure 3.2 : Left: profile of the magnetic field along the magnet axis in function of the distance
from the surface of the small and medium magnets (the continuous line represent the data
calculated from the analytical formula for each magnet). Right: profile of the magnetic field
along the magnet axis in function of the distance from the surface of the biggest magnet and
in inset the profile of the magnetic field parallel to the axis in function of the distance from the
center.

than the solvent and so adding nanoparticles the total density increases. In our case the

value of density as a function of the concentration is ρ = 1000.2 + 88.9 · c.
The trend of the surface tension instead is not immediate to explain [112]. In our case

the decrease is about the 10% in the range studied, this variation has an influence on the

contact angle value with a theoretical change of about 3% (calculated from the Young

equation 1.9) that is lower than the experimental error on the measure of the contact

angle (see section 3.3.1 for a better explanation on the measure of the contact angle).

§ 3.2. Magnets

In this section, the characteristics of the magnets used for the research activity will be

presented. For the various studies, six different permanent magnets and one electromag-

net have been used. In the following subsections the magnetic properties of each will be

described.

§ 3.2.1. Permanent magnets

All the permanent magnets used in this study are Neodymium Iron Boron (NdFeB)

magnets. This kind of magnets, which are the strongest magnets in commerce, manage

to reach high magnetic fields (up to 0.5 T) and very high gradients of magnetic fields
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Magnet t (mm) D (mm) Type Br(T ) Bmax

M1 30.0 ± 0.1 45.0 ± 0.1 N40 1.25 0.48 ± 0.5

M2 20.0 ± 0.1 12.0 ± 0.1 N35 1.17 0.50 ± 0.5

M3 10.0 ± 0.1 10.0 ± 0.1 N45 1.32 0.55 ± 0.5

M4 3.0 ± 0.1 9.0 ± 0.1 N35 1.17 0.33 ± 0.5

M5 5.0 ± 0.1 60.0 ± 0.1 N42 1.29 0.10 ± 0.5

M6 30.0 ± 0.1 180.0 ± 0.1 N35 1.17 0.19 ± 0.5

Table 3.1: Characteristics of the different permanent magnet used in this thesis. Magnet: code
associated at each permanent magnet; t (mm): thickness/height of the permanent magnet; D (mm):
permanent magnet diameter; Type: grade of neodymium of the magnets; Br(T ): residual magnetic
field; Bmax: maximum magnetic field measured.

(up to 100 T/m). The characteristics of the six different magnets used in our studies

are listed in table 3.1.

Figure 3.2 shows the measured magnetic field along the magnet axis as a function

of the distance d from the magnet. The various measurements taken with a Hall probe

(LakeShore 460 3-Channel Gaussmeter with a 3-axis probe) moved with a micrometer

translator. As it can be seen, the magnetic field decreases faster for the magnets with

a small diameter and much slower for those with a large diameter magnets. The profile

of the magnetic field along the axis can be calculated from the following analytical

formula [113]:

Bz(z) =
Br

2

⎛⎜⎜⎜⎜⎝ t+ z√(
d

2

)2

+ (t+ z)2

− z√(
d

2

)2

+ z2

⎞⎟⎟⎟⎟⎠ (3.1)

As it can be seen in fig. 3.2, the agreement between the measured data and the

analytical formula is very good.

§ 3.2.2. Electromagnet

The right part of figure 3.3 shows a schematic representation of the electromagnet used

in our studies. The electromagnet is composed by two coaxial coils with an AmCo Iron

core. The distance between the poles (L) can be regulated. The graph in figure 3.3 shows

the values of the magnetic field along the axis as a function of the applied current with

separation between the expansions of L = 4 cm. In the center of the electromagnet the

field is almost uniform and the gradients are very low (under 1 T/m). This electromagnet
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Figure 3.3 : Left: graph of the magnetic field along the axis measured at the center of the
electromagnet in function of the current applied to the coils. Right: schematic representation of
the electromagnet used for the experiments.

has been used for preliminary measurements on the motion of ferrofluid droplets on

inclined planes [114]

§ 3.3. Optical set up and image analysis

Two different main optical setups have been used which will be described in the following

subsections.

§ 3.3.1. Contact angle setup

Figure 3.4 shows the top and side views of the contact angle apparatus. It has been used

to perform the experiments described in Chapters 4.3 and 6.3. The droplets deposited

on the substrate are illuminated by a backlight-collimated LED, and their profile is

viewed using a CCD video camera (Manta G-146, Allied Vision Technologies) mounting

a telecentric lens (2X magnification).The two cameras can acquire single images, for the

evaluation of the static contact angle, or sequences of images working up to 17 fps, to

measure the advancing or receding contact angles by progressively increasing or reducing

the droplet volume. An automatic actuator varies the distance of the permanent magnets

from the bottom of the substrate slide in a controlled way (less than 0.1 mm of error on

the value of the distance z). The acquired images are analyzed through a custom-made

program, written in LabVIEW 2013. The program uploads a stack of images and allows
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Figure 3.4 : Left: top view of the apparatus for the measure of the contact angle. The dotted
area is occupied by a z-stage and a sample holder. Right: side view of a part of the contact
angle setup in particular a schematic representation of the the motorized z-stage and the sample
holder.

the user to fix a ROI (Region Of Interested) and to regulate contrast, illumination and

saturation. Once selected, the correct ROI the program takes advantage of the contrast

between the droplets and the white background to individuate the drop profile and to

perform a polynomial fit to individuate the key parameters of the profile, namely the

apparent contact angle, the height and the lateral extension of the contact line of the

ferrofluid drops.

§ 3.3.2. Sliding setup

Figure 3.5 shows the axial and frontal view of the sliding setup, which has been used to

perform the experiment described in Chapter 5.3. The magnet M6 is mounted inside an

aluminum box fixed to a rotating structure, whose inclination angle can be controlled

by a stepping motor. The droplet sliding on the substrate is illuminated by a backlight

LED, and the video of the motion is collected by a fast camera (Phantom v7.3 Vision

Research) able to reach up to 2k fps mounting a macro objective (Navitar 7000). The

acquired images and videos are analyzed off-line using a custom-made program (always

written in LabVIEW 2013) that calculates the apparent front and rear contact angles,

and the front and rear position over time.
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Figure 3.5 : Top: axial view of the sliding apparatus. Bottom: frontal view of the sliding
apparatus.
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§ 3.4. Substrates

Several different substrates have been prepared for the different experiments performed

in this thesis. The different wetting characteristics of the substrates are summarized in

table 3.2.

θc (CA) ∆θc (CAH)

Glass 60 5

Noa 70 30

PDMS 105 30

Teflon 115 30

Lotus 155 5

LIS 100 < 5

Table 3.2: Contact angle θc and contact angle hysteresis ∆θc of the different substrates
used in this thesis.

The following list reports the details of production techniques to obtain the different

substrates.

• Glass: this substrate is a simple glass slide cleaned with distilled water, ethanol

and acetone.

• NOA: this substrate is produced with a glass slide coated by a thiolenic adhesive

(NOA 81 by Norland Products Inc., USA). First, the adhesive is spread on the

glass slide through spin-coating. It is then exposed to UV light to obtain the

polymerization.

• PDMS: this substrate is produced coating a glass slide with a layer of poly-

dimethylsiloxane (PDMS) which is an hydrophobic silicon based polymer. To pre-

pare the PDMS, ten parts of a vinyl PDMS prepolymer (VDT-731, Gelest Corp.,

www.gelest.com) are mixed with one part of a Pt catalyst (platinum divinyltetram-

ethyldisiloxane, SIP6831.1, Gelest Corp.). The prepared PDMS is spin-coated on

a glass slide to obtain a uniform layer and then the sample is exposed to 80◦ for

30-40 minutes to allow the catalyst to perform the reticulation of the polymer.

• Teflon: this substrate is a simple commercial teflon tape used for hydraulic appli-

cations.

• Lotus: a flat portion of a fresh Lotus leaf is attached to a glass slide.
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• LIS: this Liquid Impregnated Surface is obtained following the recipe described

in [72]. In brief: after cleaning a glass slide with acetone, some liquid silicone oil

(viscosity 5 cSt) is spread on the glass substrate and then is baked at 300 ◦ for

1-3 minutes. This produces a thin porous silicone layer attached to the glass slide

(around 3 nm of thickness). After the sample is back at room temperature, the

substrate is cleaned with acetone a second time. After waiting for the evaporation

of the residual acetone left on the substrate, the sample is ready to be impregnated.

The impregnation phase is quite simple: a small amount of silicone oil of the desired

viscosity is spread on the silicone-coated glass slide. The sample is then left for

around 20 minutes in vertical position to eliminate the residual silicon oil. After

20 minutes, the substrate is ready to be used.

The resulting substrates have been characterized by performing static and dynamic

tests using drops of distilled water and infusing the solid spongy matrix with three

silicone oils of different viscosities (5, 100, and 1000 cSt respectively). Regardless of

the viscosity, we have measured a value of contact angle of sessile water drops equal

to 107 ± 2◦, and a value of contact angle hysteresis around a few degrees (3.1 ±
0.5◦). Furthermore, the downward velocity of water drops of volume Ω = 20µL has

been measured at different inclination angles α and oil viscosity scales as expected

(see figure 3.6). The left graph of fig. 3.6 shows the droplet speed as a function

of the inclination angle. A characteristic parabolic profile can be observed with

increasing velocity for decreasing oil viscosity. The right graph displays the same

data plotted in terms of the eq. (15) in [14]:

Bo(sinα− sinα∗)f(θ) = Ca
µo

µw
(3.2)
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Figure 3.6 : Left: mean velocity v of water droplets of volume Ω = 20µL deposited on oil
impregnated surfaces tilted by an increasing inclination angle α. Three silicone oils of different
viscosity have been used: 5, 100 and 1000 cSt. Right: the same data plotted in terms of the
capillary and scaled Bond numbers as done in [14].



Chapter 4

Magnetowetting

In this chapter we will present the research activity about the study of the wetting prop-

erties of sessile drops of water-based ferrofluid. To characterize completely the magne-

towetting we have changed the iron concentration of the ferrofluids, the substrates on

which the droplets where deposited on and the magnetic field applied using permanent

magnets of different sizes and strengths. The research activity summarized in this chap-

ter has been also published in Langmuir [52].

After a brief introduction in section 4.1 the experimental results in section 4.2 will be

presented: a rich phenomenology is observed, ranging from flattened drops caused by the

magnetic attraction to drops extended normally to the substrate because of the normal

traction of the magnetic field. We find that the former effect can be conveniently de-

scribed in terms of the effective Bond number that compares the effective drop attraction

with the capillary force, whereas the drop vertical elongation is effectively expressed by

the dimensionless traction number S, which compares the pressure jump at the ferrofluid

interface because of the magnetization with the capillary pressure. In the end, in section

4.3, some conclusions and future perspective of this work willl be presented.

§ 4.1. Introduction

As we said at the beginning of the thesis, a good understanding of the sliding of ferrofluid

drops requires prior knowledge about their static wetting properties under an external

magnetic field. For the case of a water-based ferrofluid drop surrounded by immiscible

mineral oil is found that the droplet is stretched by a uniform magnetic field parallel to

the field lines [115]. In the case of a droplet on a flat surface instead a stronger magnetic

field is found to pull down and laterally stretch the ferrofluid droplet, increasing its base

diameter and decreasing its height and its apparent contact angle, with all variations

55
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Figure 4.1 : Summary of the different cases observed in the magnetowetting: from left to right
snapshots of droplets at increasing iron concentration, from top to bottom snapshots of droplets
subjected at increasing gradient of magnetic field.

being linear [49]. The study of the shape of liquid oxygen drops subject to the magnetic

field of a permanent magnet, whose distance from the substrate is varied, confirms the

flattening of the drop, which can be accounted for by the modification of the capillary

length because of the magnetic force [116].

We have consequently decided to systematically explore the magnetowetting effect by

measuring the morphology of ferrofluid drops subjected to the action of five different

permanent magnets. By varying the magnets and their distance to the surface, it is

possible to change both the amplitude and the gradient of the magnetic field. Magnetic

forces several times the gravitational one and magnetic gradients up to 100 T/m can be

achieved. In this way, we can observe flattened drops caused by the magnetic attraction

to drops extended normally to the substrate because of the polarizing effect of the

magnetic field.

§ 4.2. Results and discussion

The ferrofluid used for the experiments described in this chapter is the one described in

3.1. In particular seven dilutions have been studied: F1 = 0.2 mol/L, χF1 = 0.042; F2

= 0.4 mol/L, χF2 = 0.144; F3 = 0.8 mol/L, χF3 = 0.144; F4 = 1.5 mol/L, χF4 = 0.28;

F5 = 2.0 mol/L, χF5 = 0.35; F6 = 3.0 mol/L, χF6 = 0.57; and F7 = 4.0 mol/L, χF7 =
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0.74.

The five magnets used are the ones described in section 3.2 and the optical setup is the

one customized for the measure of the contact angle described in 3.3.1. The droplets have

been deposited on three different substrates: one hydrophilic of NOA, one hydrophobic

of PDMS and one superhydrophobic similar to a lotus leaf (see 3.4 for a better expla-

nation of the characteristics and the production techniques). Figure 4.1 summarizes the

overall phenomenology observed for the magnetowetting of ferrofluid drops deposited on

a PDMS surface. All of the drops have the same volume V = 2.5 µL but different molar

concentrations and are placed at a distance of 1 mm from three different magnets (M1,

M2, M5). For each concentration, increasing the gradient of the magnetic field causes

a flattening of the drop. A progressive flattening of the drop is also observed as the

concentration of the drop is increased in the presence of magnet M2 but only at low

concentration. In the case of the middle sequence observed with magnet M1 and, above

all, the top one with magnet M5 show an opposite trend: increasing the concentration

and therefore the magnetization produce an elongation of the drop profile along the field

direction, which assumes the shape of a cusp, as recently observed in a recent experi-

ment on the self-assembly of ferrofluid drops [37]. Before describing in detail the various

cases that we will show to be the result of a rich interplay between the strength of the

magnetic field and its gradient is necessary to verify that the phenomena we observe are

compatible with the theory we described in section 2.3.

Remembering that the magnetic force exerted by a magnet per unit volume is:

fm = M(B)∇B (4.1)

where M(B) is the magnetization of the ferrofluid and ∇B is the gradient of the mag-

netic field.

Figure 4.2 (left) shows the calculated values of the ratio between the magnetic force

per unit volume and the gravitational force per unit volume in function of the distance

of the magnet and for two values of iron concentration. Far from the magnets (z > 30

mm), the magnetic force is negligible compared to the volumic weight. For z ≈ 20 mm,

these two forces are on the same order for most of the combinations magnet/solution,

and the ratio fm/ρg can go up to 80 at 1 mm from the magnet M2 for the solution 1.5

mol/L.

Always remembering the reasoning carried on in section 2.3 if the magnetic force acts in

the same direction as gravity, one can define a modified capillary length λ∗ corresponding
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Figure 4.2 : Left: Modulus of the magnetic force per unit volume fm, normalized by the
volumic weight of the drop ρg, as a function of the distance z between the top face of the magnet
and the bottom of the drop. The curves refer to three different magnets and two different
ferrofluidic solutions concentrations as indicated in the caption; right: variation of the thickness
h of ferrofluid puddles of two different molar concentrations deposited on a PDMS surface as the
distance z from the top face of magnet M1 is varied. The continuous lines are twice the values
derived from eq 4.2.

to an effective gravitational acceleration g∗ [116]:

λ∗ =

√
γ

ρg +M∇B
=

λ√
1 +

M∇B

ρg

(4.2)

where γ is the ferrofluid surface tension. Its value, measured with a Kruss K10T ring

tensiometer, is 71.4 mN/m at 20 °C. It is very close to the surface tension of pure water

(73.2 mN/m), in agreement with the fact that our ionic ferrofluid is free of surfactants.

Now remembering that in the case of big volumes ( > 80µL) the shape of the drop is that

of a puddle which height h has the following particular relationship with the capillary

length (see section 1.3.2 for further details):

h = 2λ sin

(
θE
2

)
(4.3)

where θE is the contact angle and λ is the capillary length. Taking into account these

two last equation we can predict what will be the height of a puddle at a certain applied

magnetic field and gradient. In figure 4.2 the values of measured thickness for a puddle

of ferrofluid at two different concentrations and the corresponding predicted values are
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compared. As can be seen the two profiles are in very good agreement with each other

suggesting that the demagnetization factor due to the drop shape is not very important

in this case. The capillary length can therefore be varied continuously by a factor up

to nearly 5 without practically changing either the surface tension or the density of the

liquid.

The graph in figure 4.3 (left) shows the dependence of the key shape parameters of

ferrofluid drops of different concentrations deposited on a PDMS-coated glass surface

kept at a 1 mm distance from the five different magnets. The contact angle θ remains

constant except in the presence of magnet M5, where it is found to decrease with the

drop concentration and a decrease down to the 50% is observed for the 3 mol/L solu-

tion. The height of the drop h and the diameter of the contact line D show even more

complex behavior. For the magnets M1 to M4, a nonlinear decrease in D is accompanied

by a nonlinear increase in h. These deformation effects can be very pronounced: at

the concentration 3 mol/L, the diameter doubles, whereas the height becomes one-third

with respect to the corresponding values of a diluted solution. This behavior confirms

what reported in previous studies, which was explained in terms of a strong magnetic

attraction that enhances the effect of the gravitational field [116] [49] [50]. Instead, for

the magnet M5, D hardly changes, whereas h increases with the drop magnetization,

suggesting that the normal traction due to a uniform magnetic field is dominant in this

case (see section 2.3 for detailed explanation of the phenomenon).

The graph in figure 4.3 (right) shows that the drop flattening due to the gradient of the

magnetic field and drop elongation due to the magnetic field, can be easily observed by

varying the distance between the magnet and drop. Figure 4.3 shows the dependence

of the key morphological parameters of ferrofluid drops of concentration 3 mol/L on the

distance z from the three chosen magnets. With the largest magnet M5, which exhibits

the smallest gradient, the maximum height h decreases by about 20% over a distance z

∼ 60 mm, whereas the diameter of the contact line D hardly changes. Mass conservation

then implies an increase in the contact angle θ as displayed in the top graph: an increase

of about 40◦ within 60 mm. With the magnet M2, characterized by the steepest mag-

netic field, the variations occur very close to it (z < 20 mm) as expected. Within the

first 10 mm, h increases sharply by a factor of 3, whereas D decreases by 30%, which is a

clear indication of a pronounced flattening effect. After reaching a maximum (minimum)

value, h(D) slowly decreases (increases), suggesting that above 10 mm the polarizing ef-

fect of the magnetic field becomes dominant. The contact angle θ trails h: after an

initial peak, there is a weak increase at larger distances. Switching to the magnet M1,

whose field variation is between the previous two, widens the flattening region to about
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Figure 4.3 : Left: Contact angle (top graph), maximum height (middle graph), and diameter
of the contact line (bottom graph) of ferrofluid drops of volume V = 2.5 µL and different
concentrations deposited on a PDMS-coated glass slide in contact with the various magnets.
Right: Variation of the contact angle (top graph), maximum height (middle graph), and diameter
of the contact line (bottom graph) of ferrofluidic drops of volume V = 2.5 µL and concentration
3 mol/L with the distance z from the three characteristic magnets used before. The drops are
deposited on a PDMS-coated glass slide.
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40 mm. The nontrivial behavior just reported cannot be simply classified in terms of

the intensity of the magnetic field to which the ferrofluid drops are exposed as done in

refs [49] and [37]. In the effort to find a suitable scaling parameter to rationalize the role

played by a magnet in the wetting properties of ferrofluid drops, we have plotted the

main drop geometric data versus different dimensionless numbers. It turns out that the

results for flattened ferrofluid drops are well described by the effective Bond number (see

chapter 2.6): Bog∗ = ρg∗V 2/3γ−1, which compares the effective attraction of a ferrofluid

drop with the capillary force.

Figure 4.4 (left) shows the morphological data of ferrofluid drops of different concen-

trations and subject to the action of the five magnets placed at varying distances z in

terms of Bog∗ . The left graphs show only the data for Bog∗ > 1. For a few selected

points labeled with capital letters, the corresponding snapshots of the drop profiles are

shown in insets. Most of the data are found to exhibit very similar trends within the

reproducibility level of these measurements estimated to be about ±5%: a nearly linear

decrease (increase) in h(D), whereas θ hardly varies. The data corresponding to drops of

concentration 3 mol/L interacting with the M1 magnet show a distinct behavior. Inset

D clearly shows that in this case the normal traction dominates the attraction probably

because of the low gradient of the magnetic field. This difference can be conveniently

expressed in terms of the critical magnetization Mc, that is, the lowest value of the mag-

netization at which the Rosenweig instability can be observed [34] which we estimated

from the formula valid for a flat slab of the ferrofluid with constant permeability:

Mc = 2

(
1 +

µ

µ0

)√
ρg∗γ (4.4)

We have found that the drops of concentration 3 mol/L in the presence of M1 are the

only data points in figure 4.4 (left) where the drop magnetization is bigger than Mc.

In other words, for all other data points, such a threshold is never reached regardless

of the strength of the magnetic field. The points corresponding to Bog∗ < 1 represent

elongated drops whose profile is mainly affected by the normal traction pressure. In

this limit, we find that a convenient way to describe the drop morphology is in terms

of the dimensionless number [34] (see chapter 2.6): S = µ0M
2V 1/3γ−1 which compares

the magnetic traction pressure with the capillary pressure. At the upper point of the

sessile drop, where B is normal to the drop surface, there is a reduced pressure inside

of the drop as compared to the points in contact with the substrate, where the field

component normal to the surface nearly vanishes. This pressure decrease can be balanced

by increasing the curvature at the upper point and decreasing it at the contact points.
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As a result, the drop is stretched along the field. Figure 4.4 (right) shows the main

morphological quantities of elongated drops characterized by Bog∗ < 1 plotted in terms

of S. Also in this set of graphs the drop profiles shown in insets corresponds to a few

selected points labeled with capital letters. The data are found to nicely collapse on

single curves: a linear decrease (increase) in θ(h), whereas D hardly varies, suggesting

that the apparent contact line remains pinned. We point out also that all data with

S > 1 have a magnetization bigger than Mc and this might be a clue that the elongation

on linked to the Rosensweig critical phenomenon. The same overall behavior has been

observed with sessile ferrofluid drops deposited on hydrophilic surfaces and on nearly

superhydrophobic surfaces (see figures 4.5 and 4.6).

§ 4.3. Conclusions

In conclusion, we have studied the magnetowetting behavior of sessile drops of ferrofluid

water solutions at various concentrations deposited on a flat substrate and subject to the

action of permanent magnets of different sizes and strengths. A rich phenomenology has

been observed, ranging from the flattining of drops caused by the magnetic attraction

to the elongation of drops due to the normal traction pressure in a uniform magnetic

field. We find that the flattening effect can be conveniently described in terms of the

effective Bond number Bog∗ = ρg∗V 2/3γ−1, which compares the effective downward

drop attraction with the capillary force, whereas the drop vertical elongation can be

expressed using the dimensionless Traction number S = µ0M
2V 1/3γ−1, which compares

the magnetic traction pressure with the capillary pressure. This phenomenology can be

exploited to manipulate ferrofluid drops [37].



4.3 Conclusions 63

Figure 4.4 : Contact angle (top), maximum height (middle), and diameter of the contact
line (bottom) of ferrofluid drops of volume V = 2.5 µL as a function of the effective Bond
number Bog∗ (left) and in function of the traction number S (right). The symbols represent
different concentrations of the ferrofluidic solutions: ◁ 0.2 mol/L, � 0.4 mol/L, ◦ 0.8 mol/L,
△ 1.5 mol/L, ▽ 2 mol/L, ◇ 3 mol/L, and ▷ 4 mol/L. Different colors are associated with
the magnets according to the following palette: (maroon and red) magnet M1, (dark green and
light green) magnet M2, (purple and pink) magnet M3, (black and gray) magnet M4, and (blue
and aqua blue) magnet M5, where the first (second) color corresponds to measurements done
changing the distance of the magnet from the sample (with the magnet in contact with the
substrate). The drops are deposited on a PDMS-coated glass slide.
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Figure 4.5 : Contact angle (top), maximum height (middle), and diameter of the contact line
(bottom) of ferrofluid drops of volume V = 2.5 µL as a function of the effective Bond number
Bog∗ (left) and in function of the traction number S (right). The symbols represent different
concentrations of the ferrofluidic solutions: ◁ 0.2 mol/L, � 0.4 mol/L, ◦ 0.8 mol/L, △ 1.5
mol/L, ▽ 2 mol/L and ◇ 3 mol/L. Different colors are associated with the magnets according
to the following palette: maroon magnet M1, dark green magnet M2, and blue and magnet M5.
The drops are deposited on a NOA-coated glass slide.
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Figure 4.6 : Contact angle (top), maximum height (middle), and diameter of the contact line
(bottom) of ferrofluid drops of volume V = 2.5 µL as a function of the effective Bond number
Bog∗ (left) and in function of the traction number S (right). The symbols represent different
concentrations of the ferrofluidic solutions: ◁ 0.2 mol/L, � 0.4 mol/L, ◦ 0.8 mol/L, △ 1.5
mol/L, ▽ 2 mol/L and ◇ 3 mol/L. Different colors are associated with the magnets according
to the following palette: maroon magnet M1, dark green magnet M2, and blue and magnet M5.
The drops are deposited on a Lotus leaf.
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Chapter 5

Magnetosliding

The dynamics of liquid drops on solid surfaces is attracting a lot of attention thanks

to its fundamental implications and technological applications. In this chapter, a com-

prehensive experimental study of the interaction between gravity-driven ferrofluid drops

and a patterned magnetic field is presented. To exclude any pinning effect and under-

stand completely the role of the magnetic field we have used oil impregnated surfaces.

We have found that the drop speed can be accurately tuned regulating the magnetic

interaction and drops are found to undergo a stick-slip motion whose contrast and phase

can be easily controlled by changing either the strength of the magnetic field or the

nanoparticles concentration in the ferrofluid. This particular motion is the result of the

periodic modulation of the external magnetic field. After giving a brief introduction to

the topic on the motion of sessile droplets in section 5.1 we will describe the experimental

results and their interpretation in confront to the literature in section 5.2. The results

presented in this chapter are described also in an article published in Langmuir [117].

§ 5.1. Introduction

A way to control passively the droplet motion is to tailor chemically heterogeneous sur-

faces. For instance, water drops sliding on alternating stripes of different wettability

introduce anisotropic behavior: drops slide more easily along the alternating stripes

than across them [118, 119], and periodic variations in the contact angles, possibly ac-

companied by fluctuations in the drop velocity, take place in this latter direction [119].

Another interesting observation for this case of study is that if the wettability contrast

between adjacent stripes is high, then drops undergo a stick-slip motion whose aver-

age speed can be an order of magnitude smaller than that measured on a homogeneous

surface having the same apparent contact angle [120]. This motion is the result of the

67
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Figure 5.1 : Left: spatial modulation of the magnetic field at different distances from the
magnet. Right: experimental setup: a ferrofluid drop of known volume is deposited on a silicone
oil-impregnated surface tilted by an angle α placed above a permanent magnet. Its stationary
speed is denoted as v. To modulate the magnetic field, an iron comb is placed between the
magnet and the impregnated surface.

periodic deformations of the drop interface when crossing the stripes. Lattice Boltzmann

simulations reproduce the stick-slip motion and indicate that the slowdown is the result

of the localized energy dissipation due to the pinning-depinning transition of the contact

line [16, 120]. More recent numerical studies have analyzed additional features of the

stick-slip motion of drops on chemically patterned surfaces [121–124]. In this chapter,

we present the first experimental evidence of the role played by a patterned magnetic

field on the dynamics of ferrofluid drops. A continuous and controlled evolution from

uniform to stick-slip motion is observed, changing the ferrofluid concentration and/or

the magnetic field. More interestingly, the delay between the depinning of the front

and rear contact lines is found to depend on the mean speed of the drop.To exclude

any pinning effect and understand completely the role of the magnetic field we have a

rough surface impregnated with oil. Since the oil surface is intrinsically smooth and free

from chemical and morphological defects typical of solid surfaces, these so-called liquid

impregnated surfaces (LISs) are recognized to hardly pin sessile drops [2, 12,13].

§ 5.2. Results and discussion

In this study we use ferrofluid drops on conventional LIS produced following the recipe

described in section 3.4. On the basis of preliminary measurements, the 100 cSt silicone

oil has been chosen as a lubricant for this work because it allows us to easily explore an
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ample interval of velocities with suitable inclinations. Its viscosity (around 100 times

that of the ferrofluids) avoids drainage of the impregnated oil by the moving drops and,

at the same time, yields very low roll-off angles well below 5◦. To explore the influence

of the magnetic interaction on the dynamics of ferrofluid drops, eight different concen-

trations are used. The experimental setup described in section 3.3.2 allows us to acquire

images of a drop on an inclined surface (see also figure 5.1 left). During a typical exper-

iment, a drop (with volume Ω ≃ 10 − 40 µL) is deposited on the already-tilted surface

and its motion is recorded. Side views show that drops are quasi-hemispherical and sur-

rounded by a small oil meniscus as shown schematically in figure 5.1. This surrounding

meniscus, pulled from the oil film by the surface tension of water [125], is found to persist

under dynamic conditions, which influence the friction opposing the moving drop [89].

The permanent magnet, described in section 3.2, is made of neodymium and has a cylin-

drical shape (diameter 18 cm, height 3 cm). The wide surface guarantees that a drop

moving on its central part experiences an almost uniform magnetic field whose strength

depends only on the vertical distance z from the surface of the magnet as can be seen in

the right graph of figure 3.2. A comb-shaped iron sheet of thickness 2 mm is placed on

the permanent magnet and modulates the magnetic field along the drop sliding direction

(x axis, see schematic representation in figure 5.1), as reported in the graph in figure

5.1. The teeth have a width of 0.5 mm and a period of 1.7 mm. The drop is deposited

on the LIS sample placed on the iron comb. We can control the modulation effect by

changing the distance of the sample from the magnet: as the distance is increased the

modulation of the magnetic field decreases as shown in the graph figure 5.1. The profile

of the patterned magnetic field used in this study is that corresponding to a distance

of 0.2 mm. The droplet interaction with the magnetic field can be characterized by the

effective gravitational acceleration g∗ = g + fm(z), with g being the acceleration due

to gravity, fm = M(B)∇(B) being the magnetic force per unit volume exerted by the

magnet, M(B) being the ferrofluid magnetization at the applied magnetic field B, and

∇(B) being the gradient of the magnetic field. For the uniform magnetic field g∗ ≃ 10

m/s2, while on the patterned magnetic field, g∗ can be as high as 1300 m/s2 locally.

The left graph of figure 5.2 shows the data relative to the time evolution of the drop

frontal position of ferrofluid drops deposited on lubricant-impregnated surfaces inclined

by an angle α = 25◦ in the presence of either a uniform or a modulated magnetic field.

The drops subject to a uniform magnetic field slide at a constant speed that decreases

with ferrofluid concentration (corresponding data indicated with the empty symbols).

Since no apparent variations in the oil meniscus or the drop shape are observed, we as-

cribe this loss to the magnetoviscous effects [39]: the viscosity of maghemite ferrofluids
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Figure 5.2 : (Upper slideshow): the snapshots show the position of the drop with respect
to the underlying magnetic pattern at specified instants. The orange lines indicate the contact
angles. (Left) Time evolution of the frontal point of ferrofluid drops at different concentrations
(volume = 20 µL) moving on liquid-impregnated surfaces inclined by an angle α = 25◦ in the
presence of either a uniform or a patterned magnetic field. (Right) Percentage variation of the
drop length ∆L during stick-slip as a function of ferrofluid concentration. The inset underlines
the drop length oscillation (L) during the motion for three particular concentrations.
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increases with concentration and the application of a magnetic field further enhances

this effect (see section 2.5 for further details). On a patterned magnetic field, the speed

decreases and, at highly concentrated solution, a pronounced stick-slip motion appears,

similar to what has been reported for water drops sliding on stripes of alternating wet-

tability [120]. In other words the motion of the drop can be continuously changed from

a “rigid” drop moving at constant speed to an oscillating drop undergoing periodic

stick-slip motion by varying either the ferrofluid concentration, as done here, or, more

generally, the magnetic strength. This tuning is a significant advantage with respect to

the passive control provided by chemically heterogeneous surfaces whose effects on the

drop dynamics can be modified only by varying the nature or shape of the different chem-

ical domains [2]. Selected snapshots in the top part of the figure indicate the position of

the droplet contact line (CL) with respect to the underlying iron comb. Between images

a and b, the rear part of the CL is pinned at the edge of a tooth of the comb while the

frontal part CL slowly moves down; at consecutive instant c, the frontal CL stops at the

edge of a tooth comb and the rear starts moving until in instant d it gets pinned at the

edge of the following tooth comb and the system recovers the initial configuration with

only a spatial transition by one pattern periodic distance. This alternating pinning and

depinning of the frontal and rear CL implies a periodic oscillation in the instantaneous

length L of the sliding drop. Additionally, the oscillation ∆L, evaluated as the difference

between the maximum and minimum measured values of droplet length L, increases with

the ferrofluid concentration ad so with the magnetic interaction, as shown in the right

graph of figure 5.2.

We exploit the possibility to tune the oscillations to systematically characterize the

phase shift ϕ of the stick-slip motion by varying the inclination angle of the plane α, the

drop volume and ferrofluid concentration. The phase shift is calculated from the ratio

ϕ = 2π
∆T

T
, where ∆T is the time interval between the consecutive instants of maximum

acceleration of the frontal and rear contact points and T is the time interval between two

consecutive instants of maximum acceleration of the frontal contact point. Therefore, ϕ

= 0 corresponds to a rigid translation of the drop, while when ϕ = π the front and rear

contact points alternate their motion in counter-phase. The graph in figure 5.3 shows

the variation of ϕ in function of the drop speed v. In each case, the mean drop speed is

determined by the slope of least-squares linear fits of the time evolution of the frontal

points for either uniform (vu) or patterned (vp) magnetic fields. A linear trend is seen

up to v = 60 mm/s. Increasing he volume up to Ω = 40 µL the droplets reach ϕ = 2π

at around 80 mm/s. Above this speed, ϕ keeps on increasing linearly. Furthermore, two

distinct regimes are observed during drop motion. If the speed is low (shaded area of
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Figure 5.3 : (Left) Sliding phase as a function of the drop speed, varying ferrofluid concen-
tration (different colors), and drop volume (different fill of the symbol). The gray background
represents conventional stick-slip, while the white part indicates where the vertical oscillations
of the drop profile appear. (Right) Frames at the maximum (i) and minimum (j) elongation
instants of drops (40 µL, 0.8 mol/L) moving at three different speeds. The two points b in the
graph display the same motion described in snapshots bi and bj .

the graph), only the edge near the front and rear contact lines change during a stick-slip

motion as shown by the snapshots ai (aj) taken at the instant of maximum (minimum)

elongation of the moving drop. At higher speed, the oscillation motion involve entire

drop profile as indicated by the images bi and bj . If we increase the speed further, this

oscillation becomes more pronounced (see images ci and cj). If we analyze in more detail

the data at high ferrofluid concentration where the stick-slip motion is more marked, we

find that ϕ does not depend on the ferrofluid concentration and thus the magnetic force.

This last observation might indicate that the properties observed are characteristic of

the stick-slip motion itself.

To understand better the interplay between drop dynamics and the magnetic field, sys-

tematic measurements are performed at a constant drop volume (Ω = 20 µ L) changing

the ferrofluid concentration and the angle α. The left graph of figure 5.4 summarizes all

speed data plotted in terms of the ferrofluid concentration for increasing inclination an-

gles. It clearly shows that the drop speed decreases with the ferrofluid concentration as

already discussed. At concentrations greater than 0.4 mol/L, the presence of the pattern

significantly slows the drops as compared to the uniform field, indicating the presence

of extra dissipation due to deformation of the drop undergoing stick-slip. The speed

decrease is larger at higher concentrations where the oscillations are more pronounced,
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Figure 5.4 : (Left) Mean velocity of ferrofluid drops (Ω = 20 µL) of different concentrations
moving on LIS at increasing inclination angles in the presence either of a uniform (U, open
symbols) or a patterned (P, full symbols) magnetic field. The inset compares the relative ve-
locity decrease at two ferrofluid concentrations (the points enclosed in the two dashed boxes)
on the same patterned surface at increasing α. (Right) The same data plotted in terms of sinα
proportional to the in-plane component of the gravitational driving force.

as displayed in the inset of figure 5.4, where the relative velocity decrease ∆v =
vu − vp

vu
is plotted as a function of α. The patterning reduces the drop speed by about 35% for a

droplet concentration of 0.8 mol/L, and it is barely observable at a concentration of 0.1

mol/L. Interestingly, this decrease does not seem to depend on the inclination angle, at

least in the explored range. Finally, as a result of the weak pinning LIS, we notice that

this decrease is much smaller than the factor of 10 reported for water drops sliding on

chemically heterogeneous surfaces [120].

Following the approach described [89] we decided to plot the speed on a log scale as a

function of the sine of the inclination angle as shown in the right graph in figure 5.4.

The plotted data corresponds to ferrofluid drops having Ω = 20 µL and different molar

concentrations in the presence of either uniform or patterned magnetic fields. On this

compressed scale, the differences in drop velocity observed between the uniform and pat-

terned magnetic fields disappear and the data show that v is not linear in driving force

but rather exhibits power law behavior. Because the silicone oil is more viscous than the

ferrofluid, dissipation is expected to mainly occur in the oil, that is, in the underlying

film and in the surrounding meniscus. In the already cited recent study [89] is shown

that, contrary to what one could think a priori, the dominant contribution to dissipation

is not in the subadjacent film. The analysis of the viscous effects in the front edge of the



74 Magnetosliding

moving meniscus yields nonlinear friction and estimates that v ≃ sin3/2 α [89]. As the

driving force is increased, the wedge dissipation is suddenly suppressed, which leads to a

different dynamic regime that seems to arise from the self-lubrication of the drop where

v ≃ sin3 α, explained by assuming that oil is constantly extracted from the texture by

water surface tension before being reinjected below the drop [89]. In our case we observe

a superlinear behavior which, at the highest inclinations and in the presence of a uniform

magnetic field (full symbols), is consistent with a power law with exponent 3. As sinα

decreases, the exponent becomes smaller, and there may be a crossover to the sin3/2α

regime at a critical velocity of v ≃ 1 cm/s.

§ 5.3. Conclusions

In this chapter we have characterized the influence of a uniform and a heterogeneous

magnetic field on the motion of ferrofluid drops on slippery surfaces. The application of

a uniform magnetic field slows gravity-driven ferrofluid drops. The presence of magnetic

patterning significantly enriches the drop dynamics. In particular, a linear modulation

in the magnetic field causes a stick-slip motion whose contrast and phase can be easily

tuned. We have also found that the phase shift between the moving frontal and rear

contact points changes continuously with the drop velocity from 0 to 2π. These effects

could also be seen with a standard solid surface but the data reproducibility would be

much lower, and constructing a graph of the phase variation like that in figure 5.3 would

be practically impossible. A specific feature of LIS is the nonlinear friction of mov-

ing drops, which we have measured and found to be consistent with a recent specific

study [89] where it is attributed to the dissipation taking place in the oil meniscus sur-

rounding the drop.

These experimental results suggest that ferrofluid drops moving in the presence of hetero-

geneous magnetic fields represent an ideal playground for fundamental studies on drop

dynamics and provide useful strategies for passive and active control of drop motion.

Surprisingly, there is very little in the literature on the dynamics of ferrofluid drops in

the presence of magnetic fields. It is our hope that this preliminary work be a stimulus

for further studies, both experimental and theoretical.



Chapter 6

Droplet division

In this chapter we report a comprehensive study of the division of ferrofluid drops caused

by their interaction with a permanent magnet. As the magnet approaches the sessile

drop, the drop deforms into a cone and then divides into two droplets. This process is the

result of a complex interplay between the polarizing effect caused by the magnetic field

and the magnetic attraction due to the field gradient. To describe this phenomenon, in

each scan we identify two characteristic magnet-droplet distances: zmax, corresponding

to distance for which the drop reaches its maximum height, and zsaddle, corresponding

to the distance for which appears a saddle point on the drop peak identifying the be-

ginning of the drop breakup. To investigate the phenomena we have used sessile drops

of ferrofluid water solutions at various concentrations and volumes, deposited on four

surfaces of different wettability. An empirical scaling law based on dimensionless param-

eters is found to accurately describe these experimental observations. Finally we have

also estimated the maximum diameter of the ferrofluid drops in the moment before the

division and found that it is very close to a critical size, which value depends on the

magnetic attraction. These results have been recently published in Langmuir [126].

§ 6.1. Introduction

Ferrofluid drops on superhydrophobic surfaces represent a model system to study and

bridge the gap from static to dynamic self-assembly [37]. The droplets self assemble

under a static external magnetic field into simple regular patterns that can be switched

to complicated dynamic dissipative structures by applying a moving magnetic field. In

a typical experiment, one drop of aqueous ferrofluid is placed on a superhydrophobic

surface and subjected to a magnetic field of a cylindrical permanent magnet below the

substrate. Increasing the field strength B and the vertical gradient dB/dz acting on
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the drop (by approaching the magnet to the surface) eventually leads to the breakup

of the drop into two or more smaller daughter droplets. The division phenomenon

is quite fast and takes a few tens of milliseconds, after which the daughter droplets

briefly oscillate before settling at their equilibrium separation. The drop breakup is

in some way related to the normal-field instability of ferrofluids (so-called Rosensweig

instability) [37]. The characteristic pattern of the normal-field instability is observed by

applying a perpendicular uniform magnetic field to a pool of ferrofluid, which produces

the spontaneous generation of an ordered pattern of surface peaks having a critical

wavelength [34,36]:

λc = 2π

√
γ

ρg
(6.1)

with ρ and σ being the density and the surface tension of the ferrofluid, when the

magnetization exceeds the critical magnetization [34,36]:

M2
c =

2

µ0

(
1 +

µ0

µ

)
√
ρgγ (6.2)

where µ0 (µ) is the vacuum (ferrofluid) magnetic permeability [34, 36]. If we increase

the magnetic field starting from zero, we observe that the fluid interface is perfectly flat

over a range of field intensities up to the point when the transition suddenly occurs.

Conversely, no increase in the applied field, no matter how large, can cause the interface

to be unstable if the saturation magnetization of the fluid is less than Mc. In contrast to

the scenario of a pool of ferrofluid, the gravitational force in the droplet experiment [37]

is negligible as compared to the magnetic force due to the vertical field gradient; that is,

the effective gravitational acceleration [52, 116] g∗(z) = g +
M(B)∇(B)

ρ
, where M(B)

is the ferrofluid magnetization corresponding to B and ∇(B) is the gradient of the

magnetic field, is up to 2 orders of magnitude larger than g. Thus, the revised formula

of the critical length:

dc = 2π

√
γ

ρg∗
(6.3)

does not determine the periodicity of the pattern but instead provides a criterion for

the division: a droplet divides when the dc becomes smaller than the diameter [37].

Numerical simulations of a thin ferrofluid film subjected to an applied uniform magnetic

field show that the subtle competition between the applied field and the Van der Waals

induced dewetting determines the appearance of satellite droplets [127]. The division

of the ferrofluid drops is a subject not fully understood, in fact apart from the cited

studies, the division of ferrofluid drops has not been further analyzed. To shed more
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Figure 6.1 : Schematic representation of the disposition of the substrate, ferrofluid drop, and
magnet. Colors highlight the intensity of the B in arbitrary units. (Right) Snapshots of water
drops on the four different surfaces used in this study. The volume of the drops is 4 µL. For each
surface, the apparent contact angle is reported

light on this phenomenon, we have thus decided to systematically study the division

of a ferrofluid drop in two daughter droplets induced by a magnetic field exploring its

dependence on the major quantities involved, that is, the nature of the substrate, the

magnetic interaction, and the drop volume.

§ 6.2. Results and discussion

The typical experimental procedure is the following: ferrofluid drops of volume Ω (on the

order of tens of µL) are gently deposited on a horizontal substrate with a micropipette

and are subject to an external magnetic field. The magnetic field B is produced by a

cylindrical neodymium magnet (diameter 45 mm, thickness 30 mm), of grade N40 and

residual magnetic field 1.25 T (see section3.2 for further details, magnet code: M1). An

elevator controlled by a stepping motor varies the distance of the permanent magnet from

the bottom of the glass slide in a precise way. For further details on the optical setup see

section 3.3.1. Four different substrates are chosen to span an ample wettability range (see

section 3.4 for further details on the production and fig. 6.1 for a collection of snapshots of

water droplets on these surfaces). The iron concentrations, the magnetic susceptibilities

(χm), and the magnetizations at saturation (Msat) of the ferrofluid solutions used in this

study are: 7.5 mol/L (χm = 1.56, Msat = 38.2 kA/m), 6.0 mol/L (χm = 1.28, Msat =

32.4 kA/m), 5.0 mol/L (χm = 1.11, Msat = 29.6 kA/m), and 4.0 mol/L (χm = 0.76,

Msat = 24.3 kA/m. We point out that our highest Msat is less than one-half that used

in the original work [37].
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Figure 6.2 : (Top) From left to right snapshots of the deformations of a ferrofluid droplet
at decreasing distances z from the magnet. The snapshots after zsaddle is reached are taken
with the magnet kept at constant magnet-substrate distance (z = zsaddle), at successive times,
increasing from left to right. (a) Variation of the distance magnet-substrate corresponding to
the maximum elongation of the drop with the drop volume Ω. The data refer to a ferrofluid
concentration equal to 4.0 mol/L and to different surfaces. (b) Variation of the distance magnet-
substrate corresponding to the formation of a saddle point at the top of the drop with Ω. (c)
Variation of the distance magnet-substrate corresponding to the maximum elongation of the
drop with Ω. The data refer to ferrofluid droplets of different concentrations deposited on a
Teflon substrate. (d) Variation of the distance magnet-substrate corresponding to the formation
of a saddle point at the top of the drop with Ω.
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The contour of the droplet is recorded as the distance z from the permanent magnet is

gradually decreased (see figure 6.1). The resulting increase of the magnetic interaction

with the drop leads to a deformation of the drop from a spherical cap into a spiked

cone and a division into smaller drops at precise z values. The division of the drop is

due to a combination of high magnetic field and high vertical magnetic field gradient

and, therefore, does not take place in a homogeneous magnetic field [37]. This process

is irreversible: the droplets do not coalesce back to a single drop when the magnet is

moved away due to their magnetic repulsion [37]. In the specific case of our experimental

setup, if the volume of the mother drop is less than about 40 µL, it divides into two

daughter droplets. If 40 < Ω < 60 µL, three daughter droplets are observed. In this

study, we consider only the division into two droplets. Figure 6.2 (top slideshow) shows

a typical evolution of the drop shape. The overall behavior is not affected by the nature

of the substrate and resembles that reported on a superhydrophobic surface [37]. Despite

the overall behavior is the same, we do find quantitative differences among the different

surfaces. As a first attempt to describe this process, during each scan we identify two

characteristic distances: zmax, corresponding to distance for which the drop reaches its

maximum height, and zsaddle, corresponding to the distance for which appears a saddle

point on the drop peak identifying the beginning of the drop breakup. With the magnet

fixed at this position, the saddle becomes more pronounced and moves downward, until

it touches the surface forming two separated droplets. The division process takes a

fraction of a second to be completed (see supplementary movie S2 of article [126]).

We have not analyzed in detail these dynamics but we can affirm that increasing the

ferrofluid concentration accelerates the division and that the different substrates do

not seem to play any major role. The two left graphs of figure 6.2 a and b show the

variation, respectively, of zmax and zsaddle with the volume of ferrofluid drops having a

concentration of 4 mol/L deposited on the four different surfaces. Each data point is

the average of at least five z measurements repeated under the same nominal conditions.

we have chosen 4 mol/L as the lowest concentration because for lower concentrations,

no formation of the saddle point is observed. The graph of figure 6.2a shows that

zmax practically does not change for large drops (Ω ≥ 30µL). If the volume is smaller

instead, the magnet must get closer to overcome the surface tension contribution. The

data exhibit a distinct dependence on the substrate: zmax increases with the apparent

contact angle, indicating that the magnetic interaction required to change the shape to

form an elongated drop decreases with the degree of hydrophobicity of the surface. A

similar trend is shared by zsaddle, although the values are now smaller, indicating that

the formation of the saddle point requires a larger magnetic interaction. Instead, there
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Figure 6.3 : Saddle points (graphically enclosed in the white region) and maximum points
(enclosed in the dashed region) plotted in terms of the dimensionless parameters Bog∗ and S.
Lines are power-law fits according to the formula Sc = αBog∗ , where α is a free parameter.
Its value is reported in the inset as a linear function of the magnetization at saturation of the
ferrofluid solutions.

does not seem to be a dependence on the ferrofluid concentration for a given substrate as

displayed by the graphs of figure 6.2c and d. However, the ferrofluid concentration must

be higher than a threshold concentration, below which no complete division is found.This

minimum concentration depends on the magnetic field generated by the magnet and is

found at about 6 mol/L in our case.

In the attempt to rationalize these empirical observations, we have tried to convert

these data in terms of dimensionless parameters. Following the reasoning presented in

section 2.4 in the presence of a strong gradient of the magnetic field, the Rosensweig in-

stability of a pool of ferrofluid takes place at a critical magnetization yielded by inserting

the effective gravitational acceleration g∗ in eq. 6.2. If we introduce the effective Bond

number Bog∗ = ρg∗V 2/3γ−1 and the dimensionless traction number S = µ0M
2V 1/3γ−1

the critical magnetization can be expressed as

Sc = 2

(
1 +

µ0

µ

)√
Bog∗ (6.4)

This equation suggests that we can try to convert the raw data of figure 6.2 to the dimen-

sionless numbers Bog∗ and S and fit the data according to the scaling law Sc = αBog∗ ,
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where α = 2

(
1 +

µ0

µ

)
is taken as a free parameter. The results of this attempt are

shown in the log-log graph of figure 6.3. As can be seen, the data are found to nicely col-

lapse on parallel straight lines having a slope of 1/2 as expected. Moreover, the straight

lines seem to fit rather well both the data relative to the saddle points (graphically en-

closed in the white region) and the data relative to the maximum height points (enclosed

in the dashed region). Another interesting observation that can be done is that the data

corresponding to different surfaces are found to collapse on the same curves. Instead,

there is a marked dependence on the ferrofluid concentration and thus on the magnetic

interaction: as the concentration increases, the straight line moves upward. The inset

graph shows that the coefficient α is linearly dependent on the ferrofluid saturation mag-

netization magnetization and so from the concentration. We have compared these values

with those derived from α = 2

(
1 +

µ0

µ

)
using the measured ferrofluids susceptibilities.

The numerical agreement is fair but, more important, the formula predicts a decrease of

α with the ferrofluid magnetization which is the opposite of the trend of our data. This

clearly suggests that the formula of the parameter α valid for a ferrofluid pool must be

suitably corrected for a ferrofluid drop.

The last analysis we have performed is the connection between the drop size just

before the breakup and the critical size defined in eq. 6.2, which can be written in

terms of the magnetic capillary length [?]: a∗(z) =

√
γ

ρg∗(z)
as dc = 2πa∗. If there is

no magnetic field, a∗ reduces to the standard capillary length. The snapshots in figure

6.4 show the characteristic profiles assumed by ferrofluid drops of volume Ω = 10µL

deposited on the four surfaces when the saddle point is observed. The green horizontal

lines indicate the maximum lateral diameter D exhibited by the drops. Experimentally,

it is obtained by taking the maximum value between the two diameters measured from

the two orthogonal cameras just before the saddle point is observed. The graph in figure

6.4 displays D as a function of the critical length dc deduced from the distance zsaddle for

drops of different volume and concentration, deposited on the four surfaces. The data

points refer to ferrofluid drops of different volumes (from 5 to 40 µL) and concentrations

(from 4 to 7.5 mol/L) deposited on the four surfaces represented with different symbols.

Within the intrinsic scatter of the measurements, there do not seem to be systematic

variations attributable to volume, concentration, or substrate. The data lie on a straight

line of equation D = 1.25dc − 0.3. This result confirms that the drop starts to divide

when its transversal diameter is somewhat larger than or close to the critical size dc [37].
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Figure 6.4 : (Left) Snapshots of the profiles assumed by ferrofluid drops of concentration 4
mol/L and volume Ω = 20µL deposited on the four surfaces Just before the reaching of the saddle
point. The green horizontal lines indicate the maximum lateral diameter D. (Right) Maximum
diameter D as a function of the critical length dc deduced from the distance zsaddle. The data
points refer to ferrofluid drops of different volumes (from 5 to 40 µL) and concentrations (from
4 to 7.5 mol/L) deposited on the four surfaces represented with different symbols. The linear
fit separates the region of stability of one drop (bottom snapshot) from that of two daughter
droplets (top snapshot).
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§ 6.3. Conclusions

In this chapter, we have systematically investigated the phenomenon of the division

of a ferrofluid drop in two droplets caused by the application of an external magnetic

field. By moving the permanent magnet closer to the drop, we have identified two

characteristic distances: zmax, corresponding to the drop reaching its maximum height,

and zsaddle, corresponding to the formation of a saddle at the top of the drop peak

identifying the beginning of the drop breakup. If we consider the variation of these two

critical distances in function of the parameter changed we observe that the data exhibit

a distinct dependence on the substrate: both zmax and zsaddle increase with the apparent

contact angle. Instead, for a given substrate, there does not seem to be a dependence

on the ferrofluid concentration. If instead we rescale these quantities in terms of the

dimensionless bond number (Bog∗) and traction number (Sc), the data on different

surfaces are found to nicely collapse on curves having the form Sc = αBo
1/2
g∗ , where α is

found to depend on the ferrofluid concentration. Finally we have measured the maximum

diameter of the drops right before the division and found that it is linearly linked linked

to a critical size, which depends on the magnetic attraction. It is our hope that this

preliminary study paves the way to detailed magnetohydrodynamic investigations of this

fascinating nonlinear phenomenon, which can provide physical grounds to our empirical

observations.
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Conclusions

In this thesis we have shown that ferrofluids droplets on functionalized surfaces provide

an ideal playground for fundamental studies on drop statics and dynamics and can sug-

gest useful strategies for passive and active control of drop motion. To demonstrate this,

first we have presented some basics concepts about ferrofluids and microfluidics that

clearly indicate that the characteristics of ferrofluids offer a wide range of options for

microfluidic applications from the control of the shape of the interface to the control of

the viscosity. After that we have presented three different case studies about ferrofluid

droplets in open microfluidics.

In these research activities we have used the same ferrofluid, varying its concentration

to tune the magnetic interaction. The ferrofluid used in this work is a stable aqueous

suspension of maghemite (γ − Fe2O3) nanoparticles synthesized according to the Mas-

sart procedure.

We have reported results of a comprehensive study of the wetting properties of sessile

drops of ferrofluid at various concentrations deposited on flat solid substrates and sub-

jected to the action of permanent magnets of different sizes and strengths. Magnetic

forces up to 100 times the gravitational one and strong magnetic gradients up to 1 T/cm

are achieved. A rich phenomenology is observed, ranging from flattened drops caused

by the magnetic attraction to drops elongated normally to the substrate because of the

normal traction of the magnetic field. We find that the flattening effect can be described

in terms of the effective Bond number Bog∗ = ρg∗V 2/3γ−1, which compares the effective

downward drop attraction with the capillary force, and that the drop vertical elongation

can be expressed using the dimensionless Traction number S = µ0M
2V 1/3γ−1, which

compares the magnetic traction pressure with the capillary pressure.

We have then characterized the effects of a uniform and a heterogeneous magnetic field

on the motion of ferrofluid drops on slippery surfaces (LIS). The application of a uniform

magnetic field only slows down gravity-driven ferrofluid drops probably for the magne-

toviscous effect. The presence of magnetic patterning instead significantly enriches the
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drop dynamics. In particular, a linear modulation in the magnetic field of alternated

stripes of high and low magnetic field causes a stick-slip motion whose contrast and

phase can be easily tuned. We have also found that the phase shift between the moving

frontal and rear contact points changes continuously with the drop velocity from 0 to

2π.

Finally we have systematically investigated the phenomenon of the division of a ferrofluid

drop in two daughter droplets caused by the application of an external magnetic field.

By approaching the magnet to the drop, we have identified two characteristic distances:

zmax, corresponding to the drop reaching its maximum height, and zsaddle, corresponding

to the formation of a saddle at the top of the drop peak identifying the beginning of the

drop breakup. If we consider the variation of these two critical distances as a function

of the parameter changed we observe that the data exhibit a distinct dependence on the

substrate: both zmax and zsaddle increase with the apparent contact angle. Instead, for a

given substrate, there does not seem to be a dependence on the ferrofluid concentration.

If instead we rescale these quantities in terms of the dimensionless bond number (Bog∗)

and traction number (Sc), the data on different surfaces are found to nicely collapse on

curves having the form Sc = α
√
Bog∗ , where the value of α is found to be linked to

the ferrofluid concentration. Finally we have measured the maximum diameter of the

drops right before the division and found that it is linearly linked linked to a critical

size, which depends on the magnetic attraction.

The results of these three cases of study prove that the use of ferrofluid in microflu-

idics can enlarge the possibilities of controlling the shape and the motion of droplets.

Moreover the division phenomenon is a peculiar property of the ferrofluid drops that can

hardly be achieved in other ways.

There is an ample variety of possible ways to extend this research. The first is to repeat

the same experiments but using ferrofluid with different properties like ferrofluids made

out of nanoplatelets instead of nanoparticles or using cobalt ferrite nanoparticles instead

of maghemite nanoparticles for which we expect stronger changes in the viscosity. An-

other possibility is to study the effect of a uniform magnetic field applied to an oscillating

droplet.

It is in our belief that a deep and complete understanding of the behavior of ferrofluid

droplets interacting with magnetic field will certainly open the way to new and smart

solution to control the droplets on open surfaces.
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