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Preface

The investigation of new approaches and methodologies for the devel-
opment of sensors and actuators is strictly related to the investigation of
novel materials and technologies allowing for widening devices usability
well beyond traditional fields of applications.

Actually, the use of novel materials can permit the development of
sensing methodologies and readout strategies with interesting peculi-
arities.

This Ph.D. thesis addresses the possibility to exploit magnetic fluids
for the realization of innovative sensors and actuators. The use of such
“shapeless” materials allows the synthesis of transducers with dramatic
features especially in terms of reliability to mechanical shocks and ar-
chitectural flexibility which opens the use of these devices to a wide

range of real applications.



Above a general introduction on magnetic fluids and their standard
applications, the thesis covers aspects related to innovative sensing
strategies adopting a ferrofluid sample as the active inertial mass of the
transducer. Novel ideas, design, models, simulations, implementation of
lab-scale prototypes and their metrological characterizations are the
main contributions of this Ph.D. Thesis.

The Thesis content is really deep and, although rich of already con-
crete methodologies assessed by real working devices, in my opinion it
represents a milestone in the context of ferrofluid transducers stimulat-
ing further research activities in this field.

This Thesis resumes an intense research activity that Angela well
conducted within the research group working in the sensor laboratory at
the DIEEI in Catania. Reading this work evidences the original and
valuable contribution of the author in the field of innovative transduc-
ers using ferrofluids, her competencies and scientific maturity.

I would like to give to Angela my personal compliments for this ex-
haustive and high level job and I wish the best for her future job and

success for her life.
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Introduction

It is quite common, in the advances on scientific research, to witness
how material properties are exploited toward sensing applications in
order to realize novel devices with high performances and tunable cha-
racteristics.

The synthesis of materials that are not in nature but that are rea-
lized in chemical laboratories is often a response to such a requirement.

In particular “meta” materials and, in general, those materials
made by the aggregation of several components to result into a multi-
phase compound, are often very flexible and can provide very interest-
ing performance in many different application fields.

Among these, magnetic materials have gained great relevance
thanks to the possibility of controlling many of their features via exter-
nal magnetic fields but also to the fact that their presence, position or

space distribution, is easily detectable by using magnetic sensors.



2 Introduction

In this Thesis an innovative approach to the development of com-
plex devices made by multiple sensing parts together with actuators,
and an integrated micro-fluidic system are considered.

The basic concept here is the use of new materials, called ferrofluids
or magnetic fluids, made by a suspension of magnetic nanoparticles in a
carrier fluid; several different devices have been developed and are
shown here in order to demonstrate the possibility to use ferrofluids as
a core material to realize both the actuating section of a fluidic system
and the sensing.

The devices realized have been developed as laboratory prototypes
and as proofs of concept of the ideas that have been first conceived, and
then mathematical and numerical modeled prior to be designed as expe-
rimental devices.

Due to the intrinsic magnetic nature of the ferrofluids, a briefly in-
troduction on basic concepts about magnetism is discussed in Chapter 1.
A classification of materials in nature according to their magnetic beha-
vior is reported, together with some details about the two fundamental
source of magnetism: permanent magnets and electromagnets. Finally
the main typologies of magnetic sensors commercially available are dis-
cussed.

In Chapter 2 the magnetic fluids are presented, together with their
applications both in the market and in the research world. The main
forces acting on a ferrofluid mass are discussed and modeled.

In Chapter 3 the attention is focused toward sensors realized dur-
ing this Ph.D. research activity: a gyroscope, a displace-

ment/acceleration sensor, a flow sensor and an inclinometer are dis-
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cussed, together with their physical model and with the experimental
characterization.

In Chapter 4 research results on ferrofluids when used in actuators
are presented. Plungers, valves and a position control system for ferrof-
luids drop in water have been developed. Two devices are presented: a
pump in which a ferrofluid mass is controlled by an array of electro-
magnets, and a path tracking system, in which a mass is moved along a
pre-defined path by a matrix of electromagnets.

The implementation toward integrated device is nowadays of para-
mount importance in the development of novel systems and transduc-
ers. The devices presented here has been developed as laboratory proto-
type and their scaling toward microsystems is straightforward and has
been also addressed during this Ph.D. activity. In Chapter 5 two exam-
ples of integrated system in which ferrofluids can be used both in the
fluidic part and in the sensing devices are presented. The former struc-
ture is a system that can be used for biological measures; in this case
ferrofluid is used both in the fluidic part implementing valves and plun-
ger, and as magnetic label for biological entities. The latter one
represents a multi-sensorial systems, in which ferrofluids are used in
order to implement valves and also as inertial mass of the sensors inte-

grated in the structure.






Chapter 1

THE MAGNETISM

1.1. Magnetism in matter

An electron moving around his nucleus constitutes a tiny current loop
(because it is a moving charge), having in this way a magnetic moment
associated with the orbital motion.

All substances contain electrons, but not all substances are magnet-
ic, because in most substances the magnetic moment of one electron in
an atom is canceled by that of another electron orbiting in the opposite
direction. The net result is that, for most materials, the magnetic effect
produced by the orbital motion of the electrons is either zero or very
small.

In addition to its orbital magnetic moment, the spin of the electron

contributes to its magnetic moment. The magnitude of the angular mo-
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mentum associated with spin is of the same order of magnitude as the
angular momentum due to the orbital motion. In non-magnetic atoms,
for each electron spinning in one direction, there is another electron
spinning in the opposite direction. The atom is said to be in a state of
magnetic balance and the total spin magnetic moments is zero. A state
of magnetic unbalance exists when there are more electrons spinning in
one direction than the opposite direction.

The magnetic properties of an atom increase in direct proportion to
the number of electrons that are not compensated. The total magnetic
moment of an atom is the vector sum of the orbital and spin magnetic
moments.

The nucleus of an atom also has a magnetic moment associated
with its constituent protons and neutrons. However, the magnetic mo-
ment of a proton or neutron is much smaller than that of an electron
(due to their much greater mass) and can usually be neglected.

The magnetic state of a substance 1s described by the magnetization
M. The magnitude of this vector is defined as the magnetic moment per
unit volume of the substance. The total magnetic field B at a point with-
in a substance depends both on the applied (external) field and on the
magnetization of the substance, in according with the following equa-

tion:
B =Bo+ﬂ0M (1.1)

where pyM is the field produced by the magnetic substance, B, is
the applied magnetic field and p, is the permeability of the free space
(4r*10-7 H/m).
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Introducing the magnetic field strength H, the previous equation

can be expressed as:

B =yu,(H+M) (1.2)

1.2. Classification of magnetic materials

Substances can be classified in three categories depending on their
magnetic properties. Paramagnetic and ferromagnetic materials are
those made of atoms that have permanent magnetic moments. Diamag-
netic materials are those made of atoms that do not have permanent
magnetic moments [1], [2].

For paramagnetic and diamagnetic substances, the magnetization
vector M 1is proportional to the magnetic field strength H. For these sub-

stances placed in an external magnetic field, it can be written:
M= yH (1.3)

where y is a dimensionless factor called the magnetic susceptibility.
For paramagnetic substances, y is positive and M is in the same direc-
tion as H. For diamagnetic substances, y is negative and M is opposite
to H. Substituting Equation 1.3 into Equation 1.2 the following relation-
ship is obtained:

B = punH (1.4)

where the constant y,, is called the magnetic permeability of the

substance and is related to the susceptibility by:

tm = po(1 + 1) (1.5)
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Substances may be classified in terms of how their magnetic per-

meability u,,, compares with y, as follows:

Paramagnetic p,, > o

Diamagnetic Um < Ho

Because y is very small for paramagnetic and diamagnetic sub-
stances u,, is nearly equal to u, for these substances. For ferromagnetic
substances, however, u,, is typically several thousand times greater
than uy. M is not a linear function of H for ferromagnetic substances.
This is because the value of p,, is not only a characteristic of the ferro-
magnetic substance but also depends on the previous state of the sub-
stance and on the process underwent when it moved from its previous

state to its present one.

Ferromagnetism

A small number of crystalline substances in which the atoms have per-
manent magnetic moments exhibit strong magnetic effects called ferro-
magnetism.

These substances contain atomic magnetic moments that tend to
align parallel to each other even in a weak external magnetic field. Once
the moments are aligned, the substance remains magnetized after the
external field is removed. This permanent alignment is due to a strong
coupling between neighboring moments.

All ferromagnetic materials are made up of microscopic regions
called domains, regions within which all magnetic moments are aligned.
In an unmagnetized sample, the domains are randomly oriented so that

the net magnetic moment is zero, as shown in Figure 1-la. When the
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sample is placed in an external magnetic field, the magnetic moments of
the atoms tend to align with the field, which results in a magnetized

sample, as in Figure 1-1b.

/\/\/\“*l ST
e —_— T e YR e T
\\F ey —_ — —_
AT 7 B,
a) b)

Figure 1-1 a) Random orientation of atomic magnetic moments in an unmagne-
tized substance. b) When an external field B, is applied, the atomic magnetic
moments tend to align with the field, giving the sample a net magnetization

vector M.

When the external field is removed, the sample may retain a net
magnetization in the direction of the original field. At ordinary temper-
atures, thermal agitation is not sufficient to disrupt this preferred
orientation of magnetic moments.

The described dipole ordering usually does not extend over the en-
tire volume of a sample. Rather, a sample of magnetic material is split
up into domains in which all dipoles are ordered along a preferential di-
rection (see Figure 1-2). This direction changes from domain to domain,
and it is for this reason that bulk magnetic materials may be unmagne-
tized, even though they are magnetized on the length scale of the do-

mains.
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In an external magnetic field, the magnetization directions of the
domains are forced to align with the field, or domains with favorable
magnetization direction will grow at the cost of domains with unfavora-
ble directions. Both mechanisms increase the net magnetization of the
bulk material. At infinite magnetic field strength, all dipoles are aligned

with the field, and the system has reached its saturation magnetization.

N — — —
N —
~,
~
N
e

N

f—r — — — —— —\

Figure 1-2 In bulk ferromagnetic materials dipole alignment is split up into

domains.

After the field is removed, the magnetization tends to relax into its
original state with randomly oriented domains. However, in order to
reach that equilibrium state, the system may have to pass unfavorable
states that can keep it from actually reaching equilibrium. Materials for
which the relaxation to the unmagnetized state is prevented, are called
“hard” magnetic, as opposed to “soft” magnetic materials, which demag-
netize quickly upon removal of the external field or application of a
small field opposing the magnetization.

The magnetic properties of ferroelectric materials can be described
by plotting a hysteresis loop for the magnetization, M, of the material as

a function of the applied magnetic field, B. Its shape and size depend on
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the properties of the ferromagnetic substance and on the strength of the
maximum applied field.

The hysteresis loop for hard ferromagnetic materials is characte-
rized by a large remanent magnetization. Soft ferromagnetic materials
have a very narrow hysteresis loop and a small remanent magnetiza-

tion, as shown in Figure 1-3.
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Material Material

Figure 1-3 Magnetic hysteresis loops for Soft and Hard materials

By heating the material above a critical temperature (the Curie
temperature), the thermal agitation is great enough to cause a random
orientation of the moments: the substance loses its ferromagnetic prop-

erties and becomes paramagnetic.

Paramagnetism

Paramagnetic substances have a small but positive magnetic sus-
ceptibility resulting from the presence of atoms (or ions) that have per-
manent magnetic moments. These moments interact only weakly with
each other and are randomly oriented in the absence of an external

magnetic field.
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When a paramagnetic substance is placed in an external magnetic
field, its atomic moments tend to line up with the field. However, this
alignment process must compete with thermal motion, which tends to
randomize the magnetic moment orientations. The magnetization of a
paramagnetic substance is proportional to the applied magnetic field
and inversely proportional to the absolute temperature, as expressed in

the Equation 1.6:

By
M=C— 1.6
< (1.6)

This relationship is known as Curie’s law and the constant C is
called Curie’s constant; T is the absolute temperature measured in Kel-

vin.

Diamagnetism

When an external magnetic field is applied to a diamagnetic substance,
a weak magnetic moment is induced in the direction opposite the ap-
plied field. This causes diamagnetic substances to be weakly repelled by
a magnet.

Although diamagnetism is present in all matter, its effects are
much smaller than those of paramagnetism or ferromagnetism, and are

evident only when those other effects do not exist.

Antiferromagnetism

In materials that exhibit antiferromagnetism, the magnetic moments of
atoms or molecules align in a regular pattern with neighboring spins
pointing in opposite directions. This spontaneous antiparallel coupling

of atomic magnets may exist at sufficiently low temperatures: in fact, it
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1s disrupted by heating and disappears entirely above a certain temper-
ature, called the Néel temperature, characteristic of each antiferromag-
netic material. Some antiferromagnetic materials have Néel tempera-
tures at, or even several hundred degrees above, the room temperature,
but usually these temperatures are lower. Above the Néel temperature,
the material is typically paramagnetic.

Antiferromagnetic solids exhibit special behaviour in an applied
magnetic field depending upon the temperature. At very low tempera-
tures, the solid exhibits no response to the external field, because the
antiparallel ordering of atomic magnets is rigidly maintained. At higher
temperatures, some atoms break free of the orderly arrangement and
align with the external field. This alignment and the weak magnetism it
produces in the solid reach their peak at the Néel temperature. Above
this temperature, thermal agitation progressively prevents alignment of
the atoms with the magnetic field, so that the weak magnetism pro-
duced in the solid by the alighment of its atoms continuously decreases

as temperature is increased.

Ferrimagnetism

The ferrimagnetism is a type of magnetism in which the magnetic mo-
ments of neighboring ions tend to align nonparallel, usually antiparal-
lel, to each other, as in the antiferromagnetic materials; but unlike the
antiferromagnetic, in the ferromagnetic substances the moments are of
different magnitudes, so there is an appreciable resultant magnetiza-
tion.

The materials are less magnetic than ferromagnets. Ferrimagnetic

materials are like ferromagnets in that they hold a spontaneous magne-
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tization below the Curie temperature, and show no magnetic order (are
paramagnetic) above this temperature, but the spontaneous alignment
1s restored upon cooling below the Curie point. However, there is some-
times a temperature below the Curie temperature at which the number
of ions aligned parallel is equal to the number of ions aligned antiparal-
lel, resulting in a net magnetic moment of zero; this is called the magne-
tization compensation point.

Ferrimagnetism occurs mainly in magnetic oxides known as fer-
rites.

In Figure 1-4 schematic pictures of the magnetic moments behavior

in the different kind of materials above described, are reported.

Paramagnetism

Ferromagnetism

—_— — —

Figure 1-4 Types of magnetism: paramagnetism, ferromagnetism, antiferro-

magnetism and ferrimagnetism.

In Table 1-1 magnetic response of various materials is compared

with their susceptibility and permeability values.
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Table 1-1 Comparison between different kind of magnetic materials as function

of permeability and susceptibility

Ferro-
Diamagnetism Paramagnetism
Ferrimagnetism
Susceptibility <0 >0 >>(
Relative permea-
<J >1 >>]
bility

1.3. Sources of magnetic field

A magnetic field can be arisen from two sources:

— Electric currents or more generally, moving electric charges
create magnetic fields. Electromagnets exploit such a physical
principle.

— Hard ferromagnetic materials can be magnetized by a strong
magnetic field, becoming themselves sources of magnetic field.

Permanent magnets or electromagnets can produce the same mag-

netic field.

Electromagnets

An electric current flowing in a wire creates a magnetic field around the

wire, as expressed by the Biot-Savart law, reported in Equation 1.7.

Idl x 7
—fﬂ Xr (1.7)

) 4m |r|?
where I is the current, dl is a vector, whose magnitude is the length
of the differential element of the wire, and whose direction is the direc-

tion of conventional current, and # is the displacement unit vector in the
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direction pointing from the wire element towards the point at which the
field is being computed.

To concentrate the magnetic field, the electromagnet wire is wound
into a coil, with many turns of wire lying side by side. The magnetic
field of all the turns of wire passes through the center of the coil, creat-
ing a strong magnetic field there.

Much stronger magnetic fields can be produced if a "core" of ferro-
magnetic material, such as soft iron, is placed inside the coil. The fer-
romagnetic core increases the magnetic field to thousands of times the
strength of the field of the coil alone, due to the high magnetic permea-
bility u of the ferromagnetic material.

The main advantage of an electromagnet over a permanent magnet
1s that the magnetic field can be rapidly manipulated over a wide range
by controlling the amount of electric current. The poles of an electro-
magnet can even be reversed by reversing the flow of electricity. How-
ever, a continuous supply of electrical energy is required to maintain
the field.

The magnetic field produced by an electromagnet driven with a cur-

rent I can be expressed as:

I L X L+x
Koy 2 2
Be(x) = =7 = r—t (1.9)

e sre J(xeg) o

where n is the turn number, L is the length of the electromagnet

and R is the radius of the electromagnet.
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The qualitative magnetic field behavior is shown in Figure 1-5: the

maximum value is at the electromagnet center (x = 0).

x 10°

(=

Magnetic field [T]
=

T

Soa -0.02 0 0.02 0.04
X [m]

Figure 1-5 Behavior of the magnetic field produced by an electromagnet cen-

tered in x = 0 m with a radius R = 0.008 m.

Permanent magnets

A permanent magnet is an object made of ferromagnetic material that is
magnetized in one direction by a very strong field and that creates its
own persistent magnetic field; due to the ferromagnetic properties of the
used material, a magnet doesn’t relax back to zero magnetization when
the imposed magnetizing field is removed. To demagnetize the magnet
it has to be put inside a strong field in the opposite direction of that one
used to magnetize it.

A good permanent magnet should produce an high magnetic field
with a low mass, and should be stable against the influences which
would demagnetize it.

Permanent magnets have several advantages over conventional

electromagnets. The fundamental advantage is that they can provide a
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relatively strong magnetic field over an extended spatial region for an
indefinite period of time with no expenditure of energy.

Another advantage of permanent magnets is that they can be fabri-
cated with a wide range of structural properties, geometric shapes, and
magnetization patterns.

Permanent magnets have an additional advantage over electro-
magnets in that their performance scales well with size. Specifically, if
we change a linear dimensions L of an electromagnet, while keeping the
field strength at all the rescaled observation points fixed, the current
density must be adjusted by a factor of 1/L. By comparison, if we change
the linear dimensions of a permanent magnet, the field strength at all
the rescaled observation points remains constant (assuming the magne-
tization is constant).

Thus, there will be a dimension below which a permanent magnet
will be the only viable field source.

The magnetic field produced by a cylindrical magnet of magnetiza-

tion M can be expressed as:

_ KoM x+L x

B =5 Ja+DZ+RE VXZ+R?

(1.9

where L is the length of the magnet and R is the radius of the mag-
net. Equation 1.9 is valid only for x > 0.

The qualitative magnetic field behavior is shown in Figure 1-6.
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Figure 1-6 Behavior of the magnetic field produced by a permanent magnet

centered in x = 0 m and with a radius R = 0.005 m.

1.4. Magnetic sensors

The term magnetic sensor refers to various kinds of sensor based to dif-
ferent working principles and used to sense different physical entities.

However, all the magnetic sensors are based on a response to a
magnetic quantity: such a response can be directly or indirectly related
to the quantity to measure.

Magnetic field sensors are used to measure the amplitude of a mag-
netic field acting in the area surrounding the device or a field perturba-
tion due to the presence of some magnetic materials. Their output is di-
rectly connected with the magnetic field amplitude to detect.

If the target to detect is the amount of a magnetic material, sensors
of magnetic materials can be utilized; the amplitude of an external ap-
plied magnetic field is modified by the magnetic material, and the

change depends on the material amount. The output of this kind of de-
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vices is directly connected with the amount of magnetic material to
detect.

The third class of sensors exploits the relationship between an ex-
ternal magnetic field or a magnetic force and a physical internal entity
of the sensor; the target is not a magnetic quantity, but it is related
with it; in this way, the output can be indirectly obtained through this

relationship.

Magnetic field sensors

Magnetic field strength is measured using a variety of different technol-
ogies. Each technique has unique properties that make it more suitable
for particular applications. These applications can range from simply
sensing the presence or change in the field to the precise measurements
of a magnetic field’s scalar and vector properties.

Magnetic field sensors can be divided into vector component and
scalar magnitude types. The vector types can be further divided into
sensors that are used to measure low fields (<1 mT) and high fields (>1
mT). Instruments that measure low fields are commonly called magne-
tometers. High-field instruments are usually called gaussmeters. A
schematization of the different kind of sensor is reported in Figure 1-7.

The induction coil and fluxgate magnetometers are the most widely
used vector measuring instruments. They are rugged, reliable, and rela-
tively less expensive than the other low-field vector measuring instru-
ments.

The fiber optic magnetometer is the most recently developed low-
field instrument. Although it currently has about the same sensitivity

as a fluxgate magnetometer, its potential for better performance is
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large. The optical fiber magnetometer has not yet left the laboratory,
but work on making it more rugged and field worthy is under way.

The superconducting quantum interference device (SQUID) magne-
tometers are the most sensitive of all magnetic field measuring instru-
ments. These sensors operate at temperatures near absolute zero and
require special thermal control systems. This makes the SQUID based
magnetometer more expensive, less rugged, and less reliable.

The Hall effect device is the oldest and most common high-field vec-
tor sensor used in gaussmeters. It is especially useful for measuring ex-
tremely high fields >1 T).

The magnetoresistive sensors cover the middle ground between the
low- and high-field sensors. Anisotropic magnetoresistors (AMR) are
currently being used in many applications, including magnetometers.

The recent discovery of the giant magnetoresistive (GMR) effect,
with its tenfold improvement in sensitivity, promises to be a good com-
petitor for the traditional fluxgate magnetometer in medium-sensitivity
applications.

The proton (nuclear) precession magnetometer is the most popular
instrument for measuring the scalar magnetic field strength. Its major
applications are in geological exploration and aerial mapping of the
geomagnetic field. Since its operating principle is based on fundamental
atomic constants, it is also used as the primary standard for calibrating
magnetometers. The proton precession magnetometer has a very low
sampling rate, on the order of 1 to 3 samples per second, so it cannot

measure fast changes in the magnetic field.



22

Chapter 1

The optically pumped magnetometer operates at a higher sampling

rate and is capable of higher sensitivities than the proton precession

magnetometer, but it is more expensive and not as rugged and reliable.

‘ Magnetic field sensor

]

Magnetometer

l | l
VECTOR SCALAR
Search coil Proton precession
Fluxgate Optically pumped
SQUID
Magnetoresistive
Fiber-optic

=

Gaussmeter

|

Hall effect
Magnetoresistive
Magnetodiode
Magnetotransistor

Figure 1-7 Magnetic field sensors are divided into two categories based on their

field strengths and measurement range: magnetometers measure low fields

and gaussmeters measure high fields.

Sensors of magnetic quantities

Magnetic fields are typically conceptualized with so-called “flux lines” or

“lines of force.” When such flux lines encounter a magnetic material, an

Iinteraction takes place and consequently the number of flux lines is ei-

ther increased or decreased. The original magnetic field density there-

fore becomes amplified or diminished as a result of the interaction.
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The amount of the magnetic field change depends on the quantity of
the magnetic material placed in the area in which the magnetic field is
acting. Measuring the magnetic field change it is possible to obtain the
magnetic material amount; this kind of sensors allows to detect also the
presence of a single bead of a magnetic material, for example, if the di-
mension of the active part of the sensor is comparable with the dimen-
sion of the bead.

Usually superparamagnetic beads are used due to their property to
not retain a magnetization imposed through an external magnetic field
when the field is removed.

Several kinds of sensor were developed and used to sense an
amount of magnetic beads. Usually they are based on a differential con-
figuration: the sensor compares the output due only to the field with the
output due to the field increased by the beads. The sensor output is then
related with the beads quantity.

Sensors exploiting magnetic forces as working principle

This class of sensors is based on a relationship between the magnetic
force (or the magnetic field) and the entity to detect; the output of the
sensor is then indirectly related with the target entity. The most com-
mon sensor is the LVDT (Linear Variable Differential Transformer).

It is based on the variation in mutual inductance between a prima-
ry winding and each of two secondary windings when a ferromagnetic
core moves along its inside, dragged by a nonferromagnetic rod linked to
the moving part to sense. When the primary winding is supplied by an
ac voltage, in the center position the voltages induced in each secondary

winding are equal and the output voltage is zero because it is differen-
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tial. When the core moves from that position, one of the two secondary
voltages increases and the other decreases of the same amount, and the
output is different from zero. The secondary coil voltage changes with
the position of the core because the core modifies the field produced by
the primary winding; such a modification changes the auto inductance
value of the secondary coil, that it is reported on the output voltage.
Such a sensor exploits the relationship between the magnetic core and
the output voltage in order to detect the core position. The output then

1s indirectly related with the target represents by the core position.
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FERROFLUIDS AND THEIR APPLICATIONS

2.1. Ferrofluids

Ferrofluids (also called magnetic fluids or magnetic nanofluids) are a
special category of nanomaterials which exhibit simultaneously liquid
and superparamagnetic properties.

Due to the fact that no natural liquids offer these features, the
starting point of the field of magnetic fluid research can be found in a
work of Resler and Rosensweig [3]. Such a work showed that a liquid
material with controllable magnetic properties can be used in many de-
velopment possibilities. After that, strong efforts have been undertaken
to synthesize a system enabling the mentioned magnetic control. Sus-
pensions of magnetic nanoparticles in appropriate carrier liquids are a

sufficient realization of such a new class of smart materials. Although
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non-stable suspensions have been produced much earlier, the first sta-
ble synthesis of a ferrofluid was reported in the pioneering work by Pa-
pell [4], in 1965. The development of these suspensions — called ferroflu-
ids — proved the high potential of the new research field.

In the past 40 years since the first synthesis of a ferrofluid has been
reported, a large number of technical applications was realized. Review-
ing the proposed applications it can be noticed that those which have
been successful on the market are characterized by two basic traits. The
first one consists in the use of the magnetic field only to exert a force in
order to fix the mass position. The second one is that all technical appli-
cations were realized mainly in the field of mechanical engineering.

Today the perspectives of ferrofluid research are much broader. The
force enters directly into the Navier—Stokes equation and can thus be
utilized to control and drive flows in the fluid, not only to provide a force
positioning the ferrofluid. Taking into account that strength and direc-
tion of magnetic fields and field gradients can be tailored for a specific
need, one can imagine the variety of arising possibilities. Furthermore
not only the flow of magnetic suspensions can be changed by magnetic
fields but also their thermophysical properties —in particular the rheo-
logical behavior— change significantly in the presence of magnetic fields.
In fact, modifying the magnetic field intensity, is possible to change pa-
rameters as density and viscosity.

Modern ferrofluids are colloidal magnetic fluids. A colloid is a sus-
pension of finely divided nanoparticles [5], such as Fe30s4, y-Fe20s,
CoFe204, Co, Fe or Fe-C, in a continuous medium. They are composed
by small particles of solids, magnetic, single-domain particles coated

with a molecular layer and a dispersant (surfactant), and suspended in
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a liquid carrier. The colloidal ferrofluid must be synthesized, because it
is not found in nature. The three primary constituents of these magnetic
liquids are:

— The liquid carrier in which the particles are suspended. Ferrof-
luids can be water- or oil-based [6].

— The suspended superparamagnetic particles are made from
materials such as iron oxide, and have a diameter of the order
of 10-20 nm. The small size is necessary to maintain stability
of the colloidal suspension; particles significantly larger than
this would precipitate.

— The surfactant coats the ferrofluid particles to help maintain
the consistency of the colloidal suspension. The surfactant pre-
vents interactions and agglomeration of particles caused by
Van der Waals forces [7].

A scheme of ferrofluid particles is reported in Figure 2-1.

Figure 2-1 Schematic of ferrofluid particles, with highlighted the magnetic core

and the surfactant.
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The particles are sufficiently small so that the ferrofluid retains its
liquid characteristics even in the presence of a magnetic field, and sub-
stantial magnetic forces can be induced which results in fluid motion.
The magnetic liquid can then be considered as an ultrafine particle sys-
tem with interparticle spacing large enough to approximate the par-
ticles as non-interacting.

The size of the particles makes the difference between the two types
of fluids which depend on the applied magnetic field: ferrofluids and
magneto-rheological fluids. Magneto-rheological fluids are stable sus-
pensions of magnetically polarisable micron-sized particles suspended
in a carrier fluid. These fluids vary their viscosity with the applied
magnetic field and can solidify in the presence of a sufficient magnetic
field. In comparison, ferrofluids retain liquid flowability even in the
most intense applied magnetic fields. Ferrofluids are usually described
as magnetically soft material, which means that the magnetism vector
follows the applied field without hysteresis, and a small applied field is
required to produce saturation. Instead an high magnetization strength
1implies high magnetic pressure exerted by the fluid. The latter property
is strategic for the implementation of transducers adopting ferrofluids
as functional or inertial masses. Ferrofluids present a high magnetiza-
tion saturation ranges from 200 to 900 G, approximately with no rema-
nence and, as a liquid, they can be easily moved through microchannels,
and perfectly adapt to any geometry.

When a ferrofluid mass is subjected to an external magnetic field,
hits flat surface could become unstable and shows a behavior called Ro-
sensweig effect. At a certain intensity of the field, peaks appear at the

fluid surface, which typically form a static hexagonal pattern at the fi-



Ferrofluids and their applications 29

nal stage of the pattern forming process. Such a typical response is

shown in Figure 2-2.

Figure 2-2 Examples of ferrofluids subjected to magnetic fields.

Magnetic fluids show also interesting patterns, coming from ferro-
hydrodynamic instabilities, such as lines, labyrinths and various struc-
tures which could be exploited to produce actuation. In [8] authors im-
pose, on a magnetic fluid preliminarily separated into concentrated and
dilute phases, an alternating electric field of opportune amplitude and
frequency, and a superimposed orthogonal constant magnetic field. The
imposed field causes the formation of a labyrinth structure, as reported

in Figure 2-3.

Figure 2-3 Structural lattices formed in a thin layer of the magnetic fluid ex-
posed to an alternating electric field at different frequencies: a) 2 kHz and

b) 10 kHz.
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A magnetic field applied to a ferrofluid volume exerts a magnetic
force which causes the alignment of the ferrofluid particles in the direc-
tion of the field. In the absence of external magnetic field the ferrofluid
maintains its liquid status while under the magnetization produced by a
strong magnetic field the ferrofluid modifies its physical properties, as

viscosity and density, and moves to a more compliant position.

2.2. Applications of ferrofluids

Fluids which can be controlled and manipulated by external magnetic
fields of moderate strength are a challenging subject for scientists inter-
ested in fluid movement or in application engineering.

When the magnetic influence exerted by an external magnetic field
becomes strong enough to compete with gravitational forces, it is possi-
ble a complete control of the magnetic fluid mass movement and of its
physical properties.

The possibility of using different types of coils (controlling and
switching electronically the current) and permanent magnets allows for
a wide range of magnetic field intensity, so the technical application of
such a materials is very large and various.

The research field of magnetic fluids is a multi-disciplinary area:
chemists study their synthesis and produce the ferrofluids, physicists
study their physical properties and propose theories which explain
them, engineers study their applicability and use them in technological
products, biologists and physicians study their biomedical possibilities

and use them in medicine and in research on the biological area.



Ferrofluids and their applications 31

With modern advances in understanding nanoscale systems, cur-
rent research focuses on synthesis, characterization, and functionaliza-
tion of nanoparticles with magnetic and surface properties tailored for
application as micro-nanoelectromechanical sensors, actuators, in mi-
cro-nanofluidic devices, as nanobiosensors, and in biomedical applica-

tions.

Commercial applications of ferrofluids

Ferrofluids allow applications in each of its constituent disciplines of
chemistry, fluid mechanics, and magnetism. An important property of
concentrate ferrofluids is that they are strongly attracted by permanent
magnets, while their liquid nature is preserved. The attraction can be
strong enough to overcame the gravity force. Many commercial applica-
tions of ferrofluids are based on this properties. Sealing for several in-
dustrial processes, loudspeakers, inertial dampers, angular position
sensors, computer disk drives are examples of applications where this
kind of materials has been widely adopted [9],[10].

For example, in hard disks they are used to form liquid seals
around the spinning drive shafts. The rotating shaft is surrounded by
magnets. A small amount of ferrofluid, placed in the gap between the
magnet and the shaft, will be held in place by its attraction to the mag-
net. The fluid of magnetic particles forms a barrier which prevents de-
bris from entering the interior of the hard drive.

In loudspeakers ferrofluids are used to remove heat from the voice
coil, and to passively damp the movement of the cone. They reside in
what would normally be the air gap around the voice coil, held in place

by the speaker's magnet. Since ferrofluids are paramagnetic, they obey
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Curie's law, thus become less magnetic at higher temperatures. A
strong magnet placed near the voice coil (which produces heat) will at-
tract cold ferrofluid more than hot ferrofluid thus forcing the heated fer-

rofluid away from the electric voice coil and toward a heat sink.

Biomedical applications of ferrofluids

Ferrofluids are nowadays assuming a fundamental role in biomedical
applications for diagnostic and therapy [11]. These materials find inter-
esting applications in magnetic bio-assay tasks, such as magnetic sepa-
ration, drug delivery, hyperthermia treatments, magnetic resonance
imaging (MRI) and magnetic labelling. In fact, due to the different and
controllable sizes of their particles (from few nanometers up to micro-
meters), they can interact with the biological entity of interest like a cell
(10-100 um), a virus (20—450 nm), a protein (5-50 nm) or a gene (2 nm
wide and 10-100 nm long), thus offering attractive possibilities to de-
velop efficient solutions in the bio-medical field. Examples of such tech-
niques can be found in [12], [13], [14].

Magnetic particles coated with biocompatible molecules act as
markers to identify bio-entities. The main advantage of this form of la-
belling as compared to other techniques is related to the simple mechan-
1sms to identify, to localize and to transport magnetic labelled entities.
Actually, all these mechanisms are based on the use of magnetic fields
which are also intrinsically penetrable into human tissue. Magnetic la-
belling is used for both entities localization and separation.

Magnetic separation is a two-step process: the first step consists in
labelling the molecules to be detected with magnetic beads; this is ob-

tained by coating the magnetic particle surface with specific biocom-
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patible molecules to allow the binding with the target entity. The second
step consists in separating the labelled molecules from their native by
blocking the magnetic particles via a magnetic field. The same principle
is used to remove unwanted biomaterials from a fluid, capturing the
magnetic particles with a magnet or with a magnetic field gradient and
letting flow the remaining fluid.

A promising use of magnetic fluid in biomedicine is drug delivery
which has peculiar advantages as compared to traditional techniques.
In fact, today therapeutic drugs act on the entire body (e.g. by attacking
both tumour tissue and healthy ones) while with selective drug delivery
only specific locations of the body are attacked. This approach allows to
reduce the required drug dosage, to increase drugs specificity as well as
prolonging the use of these effective agents. The magnetic particles
bounded with the drugs are injected through the circulatory system
while an external high-gradient magnetic field is used to deliver tasks.

Another possibility for tissues (e.g. cancer) treatments is the hyper-
thermia. Such technique consists of embedding magnetic particles into
the target tissue and applying a suitable magnetic field to cause parti-
cles heating. This heat radiates into the surrounding tumour tissue thus
to destroy, after a specific length of time, the cancer cells. While other
hyperthermia methods produces unacceptable heating of human
healthy tissue, magnetic hyperthermia overcome these drawbacks by a
selective heating of target cells.

MRI is a non-invasive technique that allows the characterization of
morphology and physiology in vivo through the use of magnetic scan-
ning. The human body is mainly composed of water molecules contain-

ing protons which under powerful magnetic field align with the direc-
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tion of the field. A second radio frequency electromagnetic field is then
briefly turned on causing the protons to absorb some of its energy.
When this field is turned off the protons release this energy at a radio
frequency which can be detected by a scanner. Relaxation times of pro-
tons in diseased tissue, such as tumours, are different than in healthy
tissue and this information is used for the sake of inspection. Magnetic
nanoparticles can be conveniently used in MRI techniques as contrast

agent.

Transducers based on the use of ferrofluids

Practical interest in magnetic fluids derives from the possibility to im-
plement valuable and efficient conversion of elastic energy into mechan-
ical energy [15].

The use of magnetic fluids in transducers is now widely diffused
due to valuable properties of these fluids compared to traditional mate-
rials [16]. Actually, fast response, shock resistance and their intrinsic
feature to be shapeless allow to develop suitable sensors and actuators.

The idea of using ferrofluids as the active mass in inertial sensors
offers the opportunity to control the device specifications by manipulat-
ing the ferrofluid core properties (such as viscosity, volume, etc.) via
electric signals. Moreover, the absence of mechanical moving parts and
solid-inertial masses provide high reliability and robustness against
mechanical shocks.

Actually in case of traditional inertial sensors exploiting a solid
mass a mechanical shock could compromise the device functionality
while the use of ferrofluid allows for recovering the system functionality

by re-aggregation.
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Usually, in ferrofluid devices, the electric part is intrinsically iso-
lated from the liquid medium: this gives the possibility to maintain the
same circuitry (that is the more expensive part in a ferrofluid system)
and change or modify the rest of the device. The latter is strategic in
contexts requiring the replacement of the beaker (e.g. due to the use of
Iinvasive media or contaminants).

Various examples of devices exploiting non-conventional materials
such as ferrofluids to implement sensors and transducers are available
in the literature.

The possibility to use these materials in combination with Micro-
Electro-Mechanical-Systems (MEMS) to develop efficient sensors and
actuators [17] is pushing the interest of the scientific community toward
the development of new and efficient magnetic fluids and specific coat-
ings. Miniaturized permanent magnets, ferromagnetic patterned layers,
and integrated coils are traditionally implemented in MEMS technolo-
gy. Anyway, such realizations host small volumes of magnetic material
which can provide a negligible magnetic force which is unsuitable for
actuation purposes. The use of MEMS cavity filled with ferrofluids could
be a valuable solution to obtain high volumes of magnetic material of
appropriate density.

Several examples of sensors using a ferrofluid mass are available in
literature. In particular, a cantilever beam dip in magnetic fluid has
been proposed to change the operative range of the device simply ex-
ploiting external magnetic field actions on the ferrofluid [18]; the device
uses a feedback compensation scheme and a capacitive readout strategy.

Another example is represented by an inductive tilt sensor com-

posed of a cylindrical container housing a mobile magnetic core clamped
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to two permanent magnets [19]. Magnetic liquid coats the permanent
magnet so to create a cushion, which allows for the core sliding conse-
quently to a device tilt. The repulsion force between the supporting
magnets and two magnets disposed outside the container imposes an
equilibrium position at the core when the device is tilted. Two coils are
used to detect the position of the magnetic core.

In [20] a magnetometer using a ferrofluid fluxgate sensor is used to
measure the intensity of a dc magnetic field by using a second harmonic
principle. A cylindrical ferrofluid sample is subjected to the simultane-
ous action of a circular field produced by an axial alternating current
and a dc field parallel to the cylinder axis. The induced electromotive
force is detected by a cylindrical coil surrounding the sample, and it de-
pends on the target magnetic field.

In [21] authors have developed a temperature sensor using a ferrof-
luid thin film. When a magnetic field parallel to the plane of the ferrof-
luid is applied, magnetic chains form in the same direction of the mag-
netic field, which results in the suppressing of optical transmission; this
behavior depends on the room temperature.

Concerning the implementation of actuation systems, the possibility
to easily drive ferrofluids through micro-channels of various geometry
represents a convenient solution. Nanogenerators and nanomotors, mi-
cropipettes, alternating micropumps and valves, rotating micropumps
and electromagnetic micropumps are examples of ferrofluid integrated
transducers.

In [22] a micropipette exploiting the magnetic force generated by
external electromagnets is proposed. The mechanism implemented al-

lows to suck and release fluid through the same gate, because inlet and
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outlet tanks have been implemented on the same side of the micropi-
pette. To perform the pumping operation external magnets moved by a
DC motor are used; moreover, an interesting solution is proposed to
realize the valve by exploiting a dedicated geometry of the channel.

A rotating micropump implementing fluid sampling through two
ferrofluid cup is discussed in [23]. In this case caps are created and ma-
naged by two permanent magnets actuated through a DC motor.

In [24] a pump handling magnetic particles is described. The device ex-
ploits an array of electromagnets to move a volume of magnetic nano-
particles from an inner tank to a destination tank.

The behaviour of ferrofluid in a travelling wave magnetic field has
been experienced and can be suitable exploited for actuation purposes
[25]. Below a critical magnetic field strength the fluid moves in the op-
posite direction of the travelling wave while above the critical field the
ferrofluid moves in the same direction. Quantities affecting the critical
magnetic field are frequency of the magnetic field, concentration of the

magnetic particles, and the fluid viscosity.

2.3. EFH1 Ferrofluid by Ferrotec

Several kind of ferrofluids are today commercially available. The ferrof-
luid used in the realization and characterization of the devices pre-
sented in this work is the EFH1 of Ferrotec.

Table 2-1 summarizes the main physical properties of the EHF1
ferrofluid, while in Figure 2-4 the relationship between B and H and be-

tween u, and H are reported.



38

Chapter 2

Table 2-1 Physical properties of the EFH1 ferrofluid.

Carrier liquid Light mineral oil
Saturation Magnetization 44 mT
Viscosity @ 27°C 6 mPas
Nominal Particle Diameter 10 nm
Density 1.21g/ml (1210 Kg/m3)
Magnetic Particle Concentration 7.9% by Volume
Flash Point 92 °C
Pour point -94 °C
Surface Tension 29 mN/m
Volatility (1 h @ 50 °C) 9%
0,050 50
0,045 45
0,040 40
0,035 35
0,030 3.0
E 0025 75
0020 20
0,015 15
0,010 1.0
0,005 05
0,000 0.0
0,1 1,0 10,0 100,0 1000,0
H [Am)

Figure 2-4 B vs H, and u, vs H for EFH1 ferrofluid.

2.4. Main forces acting on a ferrofluid mass

In this section the main forces acting on a ferrofluid mass, and that play

a significant role in the modeling and realization of the developed
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transducers shown in this work, are investigated. The relative equa-

tions will be recalled and utilized in the next two chapters.

— Gravitational force
Due to the magnetic field of the Earth, all object are subject to the
gravitational force, and then also a ferrofluid mass; the force exerted on

a ferrofluid mass can be expressed as:

where g is the gravitational acceleration, my is the ferrofluid mass,

pr is the ferrofluid density and V; is the ferrofluid volume.

— Archimedes force

When an object is put in a liquid, the fluid exerts a force that oppos-
es the object's weight. The manner in which buoyant force acts is sum-
marized by Archimedes’s principle, which states that the magnitude of
the buoyant force always equals the weight of the fluid displaced by the
object. The force exerted on a ferrofluid mass placed inside a liquid is

expressed as:
Fo=Vip1g (2.2)

where g is the gravitational acceleration, V; is the ferrofluid vo-
lume and p; is the density of the liquid in which the ferrofluid mass is

Immersed.

— Magnetic force
A source of magnetic field exerts a force on the surrounding mag-

netic objects, expressed as:

F,=-VU=(B-VY)m+ (m-V)B (2.3)
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where U is the magnetic potential energy, m is the magnetic mo-
ment of dipole and B is the magnetic flux density.
When B is high enough to saturate m, the previous expression be-

comes:
Fp=(m-V)B (2.49)
The magnetic force acting on the ferrofluid volume, making explicit
the magnetic dipole, can be expressed as:

Vex;B
Fp=Vixs(H-V)B = %63,5 (2.5)
0

where x; is the magnetic susceptibility of the ferrofluid, H is the
applied magnetic field and B, is the component of the magnetic flux
density along the axis of the displacement.

The qualitative magnetic force behavior, produced by the magnetic
field shown in Figure 1-5, is reported in Figure 2-5. The point of equili-
brium is in x = 0, that corresponds to the electromagnet center and to
the maximum value of the field. In fact, when x < 0 the force is positive
and tends to move the mass along the positive x axis, towards the point
zero, where the force is null; when x > 0, the force is negative and tends
to move the mass along the negative x axis, also in this case towards the
point zero.

For small displacements, the magnetic force is linear, as it is visible
in Figure 2-5; in such a case, it is reasonable to asses that the magnetic
force along the sensing axis acts on the ferrofluid mass as an equivalent
spring, whose properties can be controlled by modulating the driving
magnetic field amplitude. In this case the magnetic force can be ex-

pressed as:
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Fn = —k(x — xo) (2.6)

where k is the equivalent elastic constant and x, is the equilibrium
position of the ferrofluid volume. This force acts as a retaining force
which contrasts external perturbations on the device (and consequently
on the ferrofluid volume) and governs the movement of the inertial
mass around its equilibrium position.

The elastic constant k can be approximated with [16]:
k= wapsVy @.7)

where w? is the natural frequency of the system.

x 10°

Magnetic force [A/m]

Boa -0.02 0 0.02 0.04
x [m]

Figure 2-5 Qualitative behavior of the magnetic force produced by an electro-

magnet.

— Hydrodynamic force

When an object moves inside a fluid, it is subjected to the hydrody-
namic force.

If a ferrofluid mass is placed into a fluid not in movement, such a

force can be expressed as:
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Fh = 67'[7’]')"fo (28)

where 7 is the ferrofluid viscosity, x; is the acceleration of the fer-
rofluid mass inside the fluid, and 7 is the radius of an equivalent

sphere modeling the ferrofluid volume, given from the following equa-

tion:

A
7= (%) (2.9)

When also the fluid is in movement, in the Equation 2.8 a new term

has to be added:

Fy = 6mnry (% — x) (2.10)

where Q is the flow rate and S is the section of the pipe in which the

fluid flows.
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SENSORS BASED ON FERROFLUIDS

Scientists are today oriented in the research of innovative materials and
Innovative sensing strategies in order to realize devices with high per-
formances. In fact, sensor parameters such as sensitivity, resolution,
operative range, robustness depend on physical, electrical and mechani-
cal characteristic of the device. In this sense new materials and ad-
vanced topologies are largely inspected.

In this chapter sensors developed are presented.

According to the use of innovative materials in order to improve the
sensor performances, realized devices exploit the use of a ferrofluid
mass as inertial mass. This choice is due to the opportunity to control
the device specifications by manipulating the ferrofluid mass properties

(such as viscosity, volume, etc.) via permanent magnets or electromag-
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nets. In fact, modifying the magnetic field produced by magnets or elec-
tromagnets it is possible to change the device specification, as operative
range, sensitivity and resolution.

Moreover, the possibility to easily re-aggregate a ferrofluid mass af-
ter an occurred mechanical shock and the absence of mechanical moving
parts and solid-inertial masses provide high reliability and robustness
against shock.

The proposed sensor architectures demonstrate as a complete con-
trol of a ferrofluid mass and then of a sensor parameters is possible; this
constitutes a concrete premise for integrated implementation of such
class of transducers.

In this section developed sensors are reported, together with a de-
scription of their working principle, the model, the demo-

macroprototype realization and the characterization.

3.1. A ferrofluid Gyroscope

In this section a developed ferrofluid gyroscope is presented, together
with theoretical analysis aimed to model its behaviour; details on the
readout methodology and the experimental results are reported. More-
over, the optimal operating regime of the device and its performances
are also considered. This gyroscope is a good example of how it is possi-
ble to control the position of a ferrofluid mass used as inertial mass of
the device.

The decoupling of the electric tools (the driving and the readout sys-
tems) from the beaker housing the ferrofluid mass confers interesting

features to the device such as isolation between the electric tools and
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the liquid media, the re-usability of the electric tools while the low cost
beaker becomes the disposable part of the system, the possibility to im-
plement such sensing strategy in pre-existing structure filled with a
liquid media.

It should be highlighted that bio-medical systems, hydraulic sys-
tems, laboratory tests and contexts where non invasive measurement on
liquids is required and that should be implemented through disposable
devices could represent real application contexts for the proposed meth-

odology.

The working principle

The ferrofluid gyroscope developed is intended to sense an angular rate
applied to a beaker housing a drop of ferrofluid acting as the inertial
mass of the system [26], [27]. A schematization of the device is given in

Figure 3-1.

Driving electromagnet [——.
with ferromagnetic core =

Figure 3-1 Schematization of the ferrofluid gyroscope.
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The device consists of a glass plate filled with de-ionized water and
a drop of ferrofluid. The magnetic fluid moves between two stable posi-
tions corresponding to the location of two electromagnets placed under
the beaker. The electromagnets are driven by two sinusoidal currents
with a phase shift of 180° each. The aim of the driving architecture is to
implement the mechanism moving the ferrofluid volume from one elec-
tromagnet to the other.

In the absence of any angular rate applied to the structure, the fer-
rofluid movement takes place along the driving axis. Moreover, two
permanent magnets are placed under the magnetic actuators to imple-
ment a retaining mechanism against the Coriolis force. When an angu-
lar rate is imposed on the device, the ferrofluid mass experiences a
Coriolis force which produces a deformation of the linear trajectory, that

becomes elliptical, as shown in Figure 3-2.

Figure 3-2 Schematic of the motion of the ferrofluid mass a) without angular
rate and b) with angular rate. The distance d depends on the angular rate am-

plitude acting on the system.
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The amplitude of the minor axis of such an ellipse depends on the
angular rate: higher is the angular rate value, higher is the axis ampli-

tude.

The sensing strategy

In order to sense the deformation from the linear trajectory a differen-
tial inductive sensing strategy has been used. The readout electronics
consists in two planar coils whose inductance values change with the
ferrofluid motion. The planar coils were realized in PCB technology ex-
ploiting the FR4 (Flame Retardant 4) process.

Actually, when an angular rate is forced on the device, the elliptical
trajectory of the ferrofluid volume is perturbed producing an alteration
of the magnetic coupling with the sensing coils. Figure 3-3 shows a
schematization of the electronics controlling the driving electromagnets
while Figure 3-4 shows the readout electronic processing signals coming

from the sensing system.

| Block diagram of the driving circuit |

Electromagnet1

V-I Converter ;’ﬂ
LAY _—

Electromagnet2

| Pha?f;;li)ﬁa V-I Converter \f\

Figure 3-3 Block diagram of the driving electronics.
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Y | Sensing axis

%) ;riving axis

"
LaU-CYE) ‘
-

Lo(l+ey) |

Differential
amplifier

Demodulator

Figure 3-4 Schematics of the readout sensing electronics.

Some details on the implementation of the driving electromagnets

and the planar sensing coils are given in Table 3-1.

Table 3-1 Specifications of driving electromagnets and planar coils.

Electromagnets specifications

Length 28103 m
Internal diameter 15103 m
Wire diameter 0.233'103 m
Layers number 21
Turns number ~2600

Resistance 80 Q
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Planar coils specifications

Wire depth 0.4103 m
Spacing 0.4-103m
External diameter 20-103 m
Turns number 12
Inductance 0.907 10 H

Distance between coils center 21103 m

The inductive readout strategy exploits the variation of the planar
coils inductance with the ferrofluid motion.

Actually, the interaction between the magnetic fluid and the sens-
ing coils produces a modulation of the output voltage, V},, of a bridge
configuration followed by an instrumentation amplifier with gain G.

In the small displacement regime, assuming a linear dependence of

the coil inductance value on the ferrofluid mass position

L = Lo(1+cyy) (3.1)

where L, is the nominal value of the inductance and c is a sensor
parameter, the relationship between the mass position and the bridge

output voltage, V},,, would be:

Vp (k+D(1+cys) — 2k
7. =G (3.2)
v, 2(k + 1) :
where V; is the bridge driving voltage, ys is the position of the fer-
rofluid in the sensing axis and k = R; /R, .

In the case of R; = R, Equation 3.2 becomes:

Yo _ o9
v, = 2 (3.3)
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Obtained experimental results will make it possible to sustain the
form (3.1) which would be strategic for the design of the sensing tool.

The bridge electronics is driven by a sinusoidal voltage with an am-
plitude of 300 mV@100 kHz.

In order to extract the information related to the ferrofluid position
along the sensing axis a dedicated conditioning electronics was realized.
In particular, a rectifier stadium followed by a 224 order Sallen-Key fil-
ter and a further amplifier were used. The output signal V, was col-
lected by a DAQ card controlled via a LabVIEW® tool by National In-

strument.

The model

In the following, considerations leading to the definition of the optimal
working conditions especially in terms of the driving signals amplitude
and frequency are discussed along with a model of the device behavior.

A set of experiments have been performed to characterize the beha-
vior of the ferrofluid mass subjected to the driving system. In particular,
an experimental set-up based on a vision system has been developed to
estimate the trajectory of the ferrofluid mass subjected to the electro-
magnetic driving mechanism. A set of frames has been acquired for dif-
ferent values of the frequency and amplitude of the driving signals.

In order to process the acquired images a dedicated software envi-
ronment has been developed based on tracking the ferrofluid volumes
position along its trajectory. The image processing tool was developed in
the LabVIEW® environment exploiting features of the IMAQ vision

toolbox with particular regards to standard filtering paradigms allowing
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particle detection. Figure 3-5 shows a typical frame and the superim-

posed grid with a resolution of 5mm.

Reference axis (@

Figure 3-5 A typical frame and the superimposed grid with a resolution of

5mm.

The reconstruction of the mass trajectory was performed for a set of
different tilts of the device in the case of a 0.1ml volume of ferrofluid.

Figure 3-6 shows behaviors of the ferrofluid volume as a function of
the driving signal amplitude and frequency for two different tilts of the
device. As can be observed, due to the intrinsic properties (e.g. time con-
stant and friction) of the system, the ferrofluid volume is able to follow
the imposed dynamics for a well defined range of amplitudes and fre-

quencies of the driving signals.
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b)

c)

Figure 3-6 Time evolution of the ferrofluid mass (0.1 ml) position for a driving

signal of: a) 1.4 Vpp @690 mHz, b) 1.4 Vpp @500 mHz c) 1.4 Vpp @1 Hz, and for

two different tilts. Cases b) and c¢) are examples where the ferrofluid mass fails

to follow the driving signal.
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A deep analysis of the ferrofluid mass trajectory as a function of the
frequency and amplitude of the driving signal leads to the driving pa-
rameters map shown in Figure 3-7. This map highlights the optimal
working region for which the mass trajectory follows the driving dynam-

1c.

- Maximumvalue

==~ Minimum value

[
16 Average value /

i Optimalworking region

Voltage [Vpp]

645 655 665 675 685 695 705 715 725 735 745 755 765

Frequency [Hz]

Figure 3-7 Driving parameter map highlighting the optimal working region
(tilt=0°).

The effect of the driving mechanism on the ferrofluid behavior can
be described by the following model adopting the axis reference system

shown in Figure 3-5:
PrViks = —kyXs — Fpyx + Ep (3.4)
subjected to the initial position and velocity:
x¢(0) =0; %(0)=0 (3.5)

where x; is the position of the ferrofluid along the driving axis, Vf is

the ferrofluid volume, pf is the ferrofluid density, Fj,, is the hydrody-
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namic drag force along the driving axis and k, is the equivalent elastic
constant describing the effects of the permanent magnets on the ferrof-
luid volume along the driving axis.

The magnetic force is expressed as an equivalent spring force be-
cause conditions expressed in section 2.4 are verified.

E, is the magnetic force generated along the driving axis by the

electromagnetic system, that can be expressed as:

In order to fit model (3.4) on the experimental observations pre-
sented in Figure 3-6a an expression of the magnetic force (3.6) is re-
quired. To such aim an array of Hall sensors SS496A1 by Honeywell,
having a declared sensitivity of 2.5+10-7+7.5+10-9 V/T, was positioned
along the driving axis.

Figure 3-8 shows the real view of the sensor array while Figure 3-9
shows a schematization of the array and their location as respect to the

driving electromagnets.

Figure 3-8 Real view of the sensor array used for the estimation of the electro-

magnets fields.
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Y Sensing axis

Hall1l Hall5

X

Driving axis

\ f

Electromagnets

Figure 3-9 Schematization of the sensor array used to measure the generated

magnetic fields.

Figure 3-10 shows the spatio-temporal behavior of the magnetic
field measured along the driving axis when only one electromagnet is

turned on. The same experiments were done activating also the other

electromagnet.
Magnetic Field of electromagnet B1
0.015r
halll
hall2
0.01+ hall3
hall4
halls
= 0.005
(]
s
E
a
g
< -0.005
-0.01f
R T B E—

Time [s]

Figure 3-10 Spatio-temporal behavior of the magnetic field measured along the

driving axis due to one electromagnet.
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By interpolating the spatio-temporal evolution of the two magnetic
fields generated by the two electromagnets the following expressions

have been obtained:

_(x+0.0171)Z

B, =105.3e \ 00131 / sin(1.3807t) (3.7
_(x+0.0171)2

B, = 105.3e \ 00131 / sin(1.3807t + 1) (3.8)

The total magnetic field is given by:
B = B1 + Bz (3.9)

while the corresponding magnetic force has been obtained through
Equation 3.6.
Figure 3-11 shows the time evolution of the magnetic field and the

magnetic force along the driving axis.

1 T T T T T

-0.02 -0.01 0 0.01 0.02

-0.02 -0.01 0 0.01 0.02

Figure 3-11 Evolution of the magnetic field and the magnetic force along the

driving axis.
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For the sake of clarity the model input, i.e. the time evolution of the
magnetic force, in two different positions along the driving axis (in a ge-
neric position and in the position of one electromagnet) is given in Fig-
ure 3-12a/b along with the magnetic field and the observed mass posi-

tion which represents the model output.

0.015

[m]

0011

exp

0.005

0.01X

a)

-0.005

-0.01 -

B [T], 10F [N,

-0.015

time [s]

0.015

0.01F

0.005

b)

-0.005

-0.01+

B [T], 10F [N], Xexp/100 [m]

00155 0.5 1 1.5 2 25 3

time [s]
Figure 3-12 Time evolution of the magnetic force, the magnetic field and the
ferrofluid mass position a) in a generic point along the driving axis, and b) in

the location of one electromagnet.
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Figure 3-13 shows the behavior of the magnetic field and the mag-
netic force along the driving axis for the specific time slot where the
magnetic field amplitude reaches its maximum value. It can be observed
that the stable position of the ferrofluid mass corresponds to the elec-
tromagnets location and as expected are identified by a null magnetic

force.

0.015

0.01

0.005

T], 10*F [N]

—-0.005
a)

-0.01

001550 -0.01 0 0.01 0.02

X [m]

Figure 3-13 Behaviour of the magnetic field and the magnetic force along the
driving axis for the specific time slot where the magnetic field amplitude
reaches its maximum value (scaling factors given in the vertical axis label have

been used for the sake of convenience).

In order to fit model (3.4) on the experimental observations given in
Figure 3-6a the Nelder-Mead optimization algorithm has been adopted.
The minimization approach is schematized in Figure 3-14 where the
need for a routine estimating the magnetic force at each step, i, of the

numerical integration of model (3.4) is evidenced.
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/ Minimization algorithm \

Model solver (Xexp t);
. W
T Fx 1) _F(x_,t)i___: .N;Jmer!:al (Xprear t); ,,_ < Convergence > (Xpreqr )
integration G

(x, t);
\
Model parameters
generation

) Initial value of model
parameters

Figure 3-14 Model of the numerical integration adopted.

To minimize the squared difference between the experimental trend
of the ferrofluid volume shown in Figure 3-6a, x.,,, and the trend pre-
dicted by model (3.4), Xpreq, the following root mean square type func-

tional /] was used:

JZ(xpred - xexp)z
10
Z(xexp)z

J% =

0 (3.10)

Figure 3-15 shows the comparison between the observed evolution
of the ferrofluid mass and the one predicted by model (3.4).
Actually, the following model was used:

{ajénorm,f = _bxnorm,f - anorm,f +dE, +e

Xf = Xnorm,f f (3.11)

where X,orm s 1s the normalized mass position along the driving

axis.



60 Chapter 3

——predicted data
* experimental data
0.02
0.01}
E o
o
-0.01¢
-0.02 ‘
2 3 4 5
time [s]

Figure 3-15 Comparison between the experimental and the predicted evolution

of the ferrofluid mass.

The above considerations refer to the situation where no angular
rate is applied to the gyroscope. In the presence of an angular rate the
following model can be used to describe the behavior of the ferrofluid

mass:

Where y¢ is the position of the ferrofluid along the sensing axis, Fy,
is the hydrodynamic drag force along the sensing axis, k, is the equiva-
lent elastic constant describing the effects of the permanent magnets on
the ferrofluid volume along the sensing axis and Q is the applied angu-
lar rate.

The last term in (3.12) is the Coriolis force and it behaves like a
forcing term which affects the trajectory component along the y axis.
The amplitude of such perturbation will follow the amplitude of the an-

gular rate Q and will be sensed by the planar coils.
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Assuming homogeneous physical interaction along the x and y axis
between the liquid media and the ferrofluid mass as well as uniform re-
taining effects of the permanent magnets, the following assumption can

be made:

e = key (3.13)

Under assumption (3.13) a simulation of the whole system behavior
was hence implemented by combining models (3.4) and (3.12).

Simulation results are reported in Figure 3-16 showing the mass

trajectory intersection with the y axis as a function of the angular rate.

A linear relationship between these quantities is obtained. This consid-

eration will be useful in the next section to demonstrate the hypothesis

(3.1).
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Figure 3-16 Simulation results of the mass trajectory intersections with the y

axis as a function of the imposed angular rate.
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The experimental results

Figure 3-17 shows the set-up adopted for the device characterization
implemented by a step-motor and an high resolution encoder to obtain
an independent estimation of the angular rate imposed. Specifications
of the ELCIS 1/38Z4-2000-5-BZ-H-CVC-R-01 encoder adopted are given
in Table 3-2.

Table 3-2 Electrical parameters of encoder.

Encoder specifications

Pulses per round 1-2000
Max. frequency 160 kHz
Output signal Push-pull
Voltage supply 5 Vee

A dedicated software tool has been developed to control the imposed
angular rate and to acquire data coming from both the encoder and the
sensor readout system.

In order to characterize the device response a set of experimental
surveys has been performed. In particular, the device response for dif-
ferent values of the angular rate imposed on the device has been ob-
served. The working conditions of the driving system has been selected
on the basis of the analysis illustrated above. In particular, a driving

signal of 1.4 Vpp@690 mHz has been used.
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b)

Figure 3-17 Experimental set-up adopted for the device characterization; a)

sensing-driving system and b) step motor.

Figure 3-18 shows the behavior of the device as a function of the
1mposed angular rate, the latter being estimated by the encoder system.
The linear trend highlighted by experimental observations in Figure
3-18 along with the expected behavior in Figure 3-16 states for the re-
liability of hypothesis (3.1). A device sensitivity of 0.12 rad/s has been
estimated by observing and processing the output signal fluctuations

while other specifications have been reported in Figure 3-18.
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Figure 3-18 Calibration diagram of the ferrofluid gyroscope.

3.2. An inertial sensor exploiting a spike shaped ferrofluid

In this section a novel inertial sensor is presented; it can be used as low
band accelerometer or as displacement sensor [28], [29].

The device exploits the Rosensweig effect to create a spike of ferrof-
luid inside a beaker filled with de-ionized water. An inertial stimulus
applied to the structure produces a movement of the spike free-end. The
latter is detected via a suitable low-cost Infra Red (IR) readout strategy.
This approach offers the possibility to bypass drawbacks related to the
mechanical frictions between the inertial mass and the structure wall
which leads to advantages in terms of sensitivity for many applications.

Moreover, the use of a ferrofluid mass as the inertial mass of the
transducer confers to the device high robustness against mechanical
shocks and reliability. Actually in case of traditional inertial sensors ex-

ploiting a solid mass a mechanical shock could compromise the device
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functionality while the use of ferrofluid allows for recovering the system
functionality by re-aggregation.

A further outcome of the proposed approach is the possibility to im-
plement the sensing strategy in a section of a preexisting structure
where the monitoring of inertial quantities acting on a liquid media is
required and the use of invasive technology is not admitted. In the case
of the considered sensing strategy the idea could be to insert a drop of
ferrofluid inside the channel housing the liquid media and to fix its po-
sition by an external magnetic force. Successively, the readout strategy
can be easily integrated to the structure.

Above the already mentioned advantages, other interesting features
arise from the physical decoupling between the sensing readout elec-
tronics and the beaker. Actually, the intrinsic isolation between the
electric part and the liquid medium, the low cost and disposable housing
for the liquid media (consisting of a low cost beaker), the re-usability of
the readout system and the adaptability of the proposed sensing strate-
gies to a wide set of real applications (from bio-medical systems to con-
texts where non invasive measurements on liquids are required) are ad-
vantages of such strategy.

In the next sections, theoretical analysis aimed to model its beha-
viour are reported, together with details on the readout methodology;

finally the experimental results are shown and commented.

The working principle

As it is schematized in Figure 3-19, the sensor is based on a glass struc-

ture fixed by a plexiglass support. The beaker is filled with de-ionized
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water. A drop of ferrofluid is magnetically fixed to the beaker wall. The

fixing mechanism is based on the use of low cost permanent magnets.

Glass
structure

Ferrofluid
spike

Permanent
magnet

Coupled IR
device

~

Esi
Fm
—
Fg

External
stimulus

-

Figure 3-19 Schematization of forces acting on the ferrofluid mass: F, is the

magnetic force, F; is the gravitational force and Fy; is the hydrostatic force. On

the left hand side the steady state regime is shown; on the right hand side an

external stimulus perturbs the system and the free-end of the ferrofluid spike

changes its position. The diode used to produce the IR emission is represented

with four yellow and symmetrically arranged circular ring segments, while the

photodiode is represented with a filled yellow circle.

The action of the magnetic force on the ferrofluid mass is twofold: it

fixes the position of the ferrofluid volume on the beaker wall and it re-

sembles an equivalent elastic force which acts to maintain the ferrofluid

drop in a compliant position. Changing the force strength (the magnetic

field strength) allows to modify the equivalent stiffness of the sensing

element and consequently its behaviour to external stimuli in terms of

responsivity and operating range.
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The chosen configuration of permanent magnets produces a suitable
magnetic field which provides a spike shape to the ferrofluid mass. Two
oppositely aligned sets of magnets have been used. Magnets positioned
on the right hand and on the left hand of the spike are used to fix the
position of the ferrofluid mass and to define the desired force strength.
Magnets positioned in front of and behind the ferrofluid mass are used
to shape the sensing mass.

Although a electric control of magnetic sources would improve the
flexibility and the efficiency of the sensing strategy, it must be consid-
ered that the use of passive magnetic actuators to implement the retain-
ing/shaping mechanism is a dramatic advantages of the proposed ap-
proach in terms of power budget. The latter is a crucial specifications for
several applications.

To such aim, sliding mechanisms have been also installed to assure
a reasonable flexibility in the magnets position. Actually, the possibility
to regulate the distance between magnets allows for defining the spike
length (and thickness) and consequently some specifications of the de-
vice, such as the operating range and the sensitivity. Main forces ruling
the spike behaviour are shown in Figure 3-19.

An external stimulus applied to the system, e.g. an acceleration, is
transferred to the ferrofluid mass thus producing perturbation of the
free-end around its equilibrium position. In order to convert the free end
movement into an electrical output an external sensing strategy was re-
quired. Among the several available solutions investigated, including
vision systems exploiting advanced image processing solutions, a low

cost strategy based on Infra Red (IR) devices has been implemented.
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The sensing strategy

The choice of using an IR strategy to read the mass position is strictly
related to the idea of developing a low-cost system and to focus on solu-
tions easy to be miniaturized.

The coupled IR device (diode and a photodiode) is suitably posi-
tioned to detect ferrofluid movements. In the absence of external stimu-
lus the ferrofluid masks the receiving diode from the IR emission. An
external stimulus produces the spike free-end movement with a conse-
quent partially unmasking of the IR photodiode. The IR output signal is
hence related to the ferrofluid movement and indirectly to the inertial
stimulus. This readout strategy is schematized in Figure 3-19 and Fig-
ure 3-23b by small circles stating for the coupled IR device.

The sensing methodology is schematized in Figure 3-20. The IR
readout strategy is based on the variation of the irradiated area of the

IR receiver, A4, due to a ferrofluid displacement.

Target Displacement ; -
stimulus | Ferrofluidic | of ferrofluid ! ] AA, 1Vout
— —!| Ferrofluid—>A, —| InfraRed |—
transducer [ !
| |

Figure 3-20 Block diagram of the readout strategy. The first block in the left-
hand side is the pipette with the spike shaped ferrofluid mass; the second block
represents the conversion between the ferrofluid displacement and the irra-
diated area of the IR device; the last block in the right-hand side represents the
IR device. A voltage to current converter was used to drive the IR transmitter,
while a standard voltage divider was used to obtain an output voltage from the

IR device.
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In the following the relationship between the ferrofluid movement
and the irradiated area of the IR device will be addressed. As already
evidenced, in the absence of external stimuli the ferrofluid spike practi-
cally masks the IR receiver thus minimizing the irradiate area.

Figure 3-21 depicts, in an axial symmetry, the contour of the spike
free-end (represented by dotted lines) and the contour of the IR receiver
area. The tangent line to the IR area corresponds to the null stimulus
case where the ferrofluid spike almost covers the IR receiver. In the
presence of an external stimulus, the free-end of the ferrofluid spike
shifts (see dotted lines) and its displacement increases as the stimulus

strength increases.

Figure 3-21 Schematization of the interaction between the ferrofluid spike and

the IR device.

Simulations have been performed considering a uniform displace-

ment of the ferrofluid (indicated with p; in Figure 3-21) and its effect on
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the IR receiver in terms of the irradiated area. The definition of irra-
diated area is evincible from Figure 3-21 by considering the filled area
as the irradiated area obtained for the ferrofluid spike position pe.
Figure 4 shows the irradiated area as a function of the spike free-
end displacement. The estimated trend is well approximated by a linear

relationship as evidenced by the linear fitting detailed in the figure cap-

tions.

IR irradiated area [mm 2]

=
[E—
T
1

r

0 0.5 1 1.5

Ferrofiuid displacement [mm]

Figure 3-22 The relationship between the displacement of the ferrofluid spike
(free-end) and the irradiated area. A linear fitting by model y = 0.7x + 0.06

produces an estimated residual of 0.008 mm?.

The relationship between A; and the IR output voltage is sustained

by the well known linear relationship:
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Where VR, is the output voltage of the Infra-Red detector, R is the

device responsivity, H is the irradiation, A,is the irradiated area of the

detector.

The model

The ferrofluid behavior can be described by the following model, assum-

ing Z the axis in the direction of the mass movement:

E,, is the magnetic force generated by the permanent magnets acting on
the ferrofluid mass. Being verified assumptions described in section 2.4,
the magnetic force can be expressed as Equation 2.4: the magnetic force
acts as a retaining force which contrasts external perturbations on the
device (and consequently on the ferrofluid volume) and governs the
movement of the inertial mass around its equilibrium position.

F; 1s the gravitational force, F, is the Archimedes force, Fj, is the hy-
drodynamic drag force along the sensing axis and F;; is related to the

external stimulus:
Foe = pgVru(t) (3.16)

where u(t) is the external acceleration applied to the device.

The linear relationship between the target stimuli applied to the
device and the ferrofluid displacement, stated by model (3.15), and the
linear behavior of the IR readout strategy above discussed would predict
the almost linear behavior of the inertial sensor developed which is also

evidenced by experiments presented in the following.
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The experimental results

Figure 3-23 shows real views of the experimental prototype. In particu-
lar, Figure 3-23a is the assembled prototype where the plexiglass struc-
ture, the glass beaker filled with water and the sliding mechanism rul-
ing the position of the magnetic actuators can be distinguished. Figure

3-23b is a detailed view of the ferrofluid spike.

b)

Figure 3-23 a) real view of the device; b) zoom of the ferrofluid spike; the IR
emitter diode is represented by a dotted circle while the photodiode is

represented by a filled white circle.
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For the prototype developed a volume of 0.15 ml of EFH1 ferrofluid
by Ferrotec was used.

The readout strategy is based on a coupled IR device (OSRAM SFH
4350 - SHARP PT380F). In Figure 3-24 a schematization of the dedicat-

ed conditioning electronics used for the IR device is shown.
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Figure 3-24 Conditioning electronics used for a) diode and b) photodiode.

The experimental set-up adopted to investigate the device behavior,
shown in Figure 3-25, consists of a shaker to stimulate the device and a
reference system to implement an independent measurement of the in-
ertial stimulus imposed to the device. In particular, the OADM-
12U6430/S35A laser device was used; main specifications for the laser

device are reported in Table 3-3.
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Figure 3-25 Experimental set-up for the device characterization.

Table 3-3 Laser specifications

Specifications Value
Measuring range 16+26 mm
Resolution 0.002 + 0.005 mm

Linearity error  +£0.006 ~+0.015 mm

Response time <900 us

To characterize the behavior of the inertial sensor the system has
been solicited by a frequency sweep signal.

Figure 3-26 shows the response of the shaker system to such stimu-
lus measured through the laser system.

It must be observed that the obtained frequency response is fully
coherent and compatible with the investigations to be accomplished on

the developed prototype.
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Figure 3-26 Frequency response of the shaker.

To characterize the behavior of the inertial sensor the shaker sys-
tem has been solicited by a frequency sweep ranging from 1 Hz to 100
Hz. Figure 3-27 shows the frequency response obtained through the ex-

perimental survey which evidences a resonant frequencies of 5 Hz.
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Figure 3-27 Frequency response of the device.
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Taking into account the observed resonance frequency of 5.0 Hz,
Equation 2.7 leads to a k value estimation of 0.16 N/m. The latter be-
longs to the typical range of values observed in case of ferrofluid vo-
lumes subjected to similar magnetic field strength. This result confirms
the consistency of model (3.15).

Figure 3-28 evidences a quasi-linear trend in the device response
according to considerations outlined above. Figure 3-28a shows the ob-
served sensor response (in terms of the IR device output voltage) as a
function of displacement and acceleration stimuli @4 Hz. Models
adopted to interpolate data in case of displacement and acceleration

stimuli are:

z = 420.74VIR, — 1.67 (3.17)

7 =265.67VIR —1.05 (3.18)
The sensor behaviors for stimuli @8 Hz are reported in Figure

3-28b, where the following fitting models have been used:

z = 869.12V/R, — 3.83 (3.19)

7 =2195.2V/R, - 9.7 (3.20)

Above equations are examples of the device behaviors for two differ-
ent frequencies of the input stimulus.
The sensor resolution estimated for the cases considered are:

(0.023 mm, 0.014 m/s2) @4 Hz and (0.0479 mm, 0.12 m/s2) @8 Hz,

respectively.
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Figure 3-28 Calibration diagrams for stimuli a) @4 Hz and b) @8 Hz. Dotted

lines represent the uncertainty band estimated.

3.3. A ferrofluid flow sensor

In this section a novel and low cost approach to implement a flow sensor

is presented [30]. The proposed methodology exploits a ferrofluid mass
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dispersed in water to convert the flow rate into the mass displacement
which is then measured by an inductive readout strategy.

Advantages in the use of a magnetic fluid as the active mass of this
device are due to the possibility to fix specifications such as operating
range and responsivity by tuning the applied magnetic field intensity,
high robustness against mechanical shocks, the electric isolation be-
tween the device electronics and the liquid media and the physical de-
coupling between the device structure and the readout system. The lat-
ter feature is strategic for measurement in hostile contexts involving in-
vasive liquid media and requiring the substitution of the liquid housing.
It must be considered that the disposable part of the device (the pipe) is
very cheap while the external electronics implementing the readout
strategy can be re-used. Another interesting feature of the proposed
methodology consists in the possibility to implement such sensing strat-
egy also in pre-existing channels by injecting a mass of ferrofluid and
clamping the external control and reading units.

Above the already mentioned advantages, it must be highlight that
the proposed sensor, conversely to traditional magnetic flow sensor, can
operate also with non conductive liquid.

Mentioned features allow for the use of the device in several real
contexts (from bio-medical systems to applications requiring non inva-
sive measurements in liquids).

The working principle of the sensing strategy, the device architec-
ture, the sensor implementation and experimental results aimed to
demonstrate the efficiency of the proposed methodology are discussed in

the following sections.
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The working principle

The ferrofluid flow sensor consists of a glass pipe filled with water and a
drop of ferrofluid, and external components used for shaping the ferrof-
luid mass as a spike. In particular, the shaping system, exploiting the
Rosensweig effect, is composed by two permanent magnets placed on the
top and on the bottom of the pipe.

The permanent magnet on the top of the pipe is used to implement
a retaining magnetic force acting on the mass of ferrofluid. As it will be
described in the following sections, the magnetic force acting on the fer-
rofluid mass resembles an equivalent elastic force (or equivalent spring)
which maintains the ferrofluid drop in a compliant position.

Moreover, the distance between the top magnet and the ferrofluid
defines the magnetic pressure acting on the ferrofluid and hence its
physical properties such as viscosity and density. As it will be clearly
stated and demonstrated in the following, this mechanism will allow for
modifying the device performances (e.g. responsivity, operating range
and bandwidth) which are strictly related to the value of the equivalent
spring constant.

The magnet on the bottom side is used to confer the ferrofluid the
spike shape.

A schematization of the device is shown in Figure 3-29.

The ferrofluid acts as the inertial mass of the system and an im-
posed flow rate produces a deformation of the spike around its equili-
brium position; such a displacement from the equilibrium position is

sensed through an inductive readout.
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Figure 3-29 Schematization of flow sensor.

The sensing strategy

Chapter 3

The inductive readout strategy converting the ferrofluid displacement

into an electric signal is implemented through a coil (wounded on the

pipe) and the conditioning electronics shown in Figure 3-30.

Differential | Vout
_| amplifier

DAQ

(==Y BOARD

Figure 3-30 Conditioning electronic for the inductive readout strategy.

The reading electronic uses an AC bridge to produce a voltage sig-

nal related to the imposed flow rate. L, = Ly(1 + cx) is the inductive
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sensor where ¢ is a sensor parameter and x is the displacement of the
ferrofluid. Due to the small displacement of the ferrofluid mass, a linear
behaviour of L, with x has been supposed. L; is a dummy coil with the
same structure of L, and it is used to compensate exogenous effects act-
ing on the sensing coil.

The relationship between the output voltage of the conditioning
electronics, V,,:, and x is supposed to be sustained by the following rela-
tionship:

Vour (k+1)(A+cx) — 2k
Vi 20k + 1) (3.21)

where V,; is the bridge driving voltage, k = R;/R, is the gain of the
Instrumentation amplifier.

In the case of R; = R, Equation 3.21 becomes:

Vout_ ch
Vs - Yy (3.22)

Above assumptions, including Equation 3.21 will be confirmed by

experiments presented in the following.

The model

In order to investigate the qualitative behaviour of the device some ex-
periments have been performed on the sensor prototype. In particular,
the displacement of the ferrofluid spike for increasing values of the flow
intensity, Q, and the retaining magnetic field, H,..; has been observed.
An Hall Effect sensor has been used to estimate the magnitude of
the retaining magnetic field in the proximity of the ferrofluid spike

base.
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Although the device has been always tested in the laminar regime
(the largest estimated Reynold number is around 630), snap shots
shown in Figure 3-31 and Figure 3-32 highlight that flow rates lower
than a fixed threshold produce only a displacement of the ferrofluid tip
in the direction of the flow, while flow rate larger than the threshold
value will cause also a displacement of the whole ferrofluid mass from
the compliant position. Figure 3-31 shows the low flow rate case for
H,.; = 153 G. Figure 3-31a and Figure 3-31b show the ferrofluid tip posi-
tion for a null flow rate and a flow rate of 0.3 ml/s, respectively. Two
bold lines highlight the tip movement while evidence the fixed position
of the spike.

Figure 3-31 The ferrofluid spike inside the pipe for a) null flow rate and b)

0.3 ml/s. The mass of ferrofluid changes its shape due to the tip movement

Frames in Figure 3-32 show the ferrofluid mass behaviour for a null
flow rate and for flow rates of 1ml/s and 1.7 ml/s. Two effects are evinci-
ble: the spike tip movement and the displacement of the whole mass in

the flow direction. Three solid vertical lines highlight such behaviour.
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Figure 3-32 The ferrofluid spike inside the pipe for a) null flow rate, b) 1 ml/s
and c) 1.7 ml/s. The mass of ferrofluid changes both its shape (tip deflection)

and position.

These combined effects of the flow rate on the ferrofluid spike (de-
formation and displacement) strongly encourage the use of the inductive
readout strategy which would detect the average modification of the fer-
rofluid.

Figure 3-33 shows the relationship between the flow rate and the
ferrofluid mass displacement for different values of the retaining mag-
netic field. These results have been obtained through a dedicated image
processing procedure. Actually, streaming of the ferrofluid peak move-
ment for different flow rate intensity has been recorded. Frames ex-
tracted from each streaming have been then processed to estimate the
steady state position of the ferrofluid spike tip. Two typical frames with
superimposed cursors adopted to estimate the tip position of the ferrof-

luid spike are shown in Figure 3-34.
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As expected, data shown in Figure 3-33 confirm the possibility to
modify the operating range of the device and its responsivity by modify-
ing the retaining magnetic field. In particular it can be observed that,
the device responsivity increases as the magnetic field intensity de-

creases.
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Figure 3-33 Behaviors of the ferrofluid spike tip displacement, x, as a function

of the flow rate intensity for different values of the retaining magnetic field.

Models adopted to interpolate data in Figure 3-33 are shown in the
figure. Linear relationships have been used which highlight the possi-
bility to adopt a linear model to describe the device behavior. The latter
consideration represents an important premise for the definition of the
device model. In fact, the observed linear behavior encourages to model

the magnetic force by a spring-like model.
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Figure 3-34 Two typical frames for the estimation of the ferrofluid spike tip po-

sition.

On the basis of the above considerations the following model has

been adopted to describe the device behavior:

, Q .
prVsX = Fy + 6TNRq (E - x) (3.23)

where x is the position of the ferrofluid spike along the sensing axis,
Vs 1s the ferrofluid volume, which for the device under test is 0.01 ml, pf
is the ferrofluid density, n is the ferrofluid viscosity, F, = —kx is the

magnetic force generated by the retaining magnet and resembling the
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equivalent elastic force, Q is the flow rate, S is the pipe section, which
for the device under test is 1.96*10° m?, R,, is the radius of an equiva-
lent ferrofluid sphere with the same volume of the adopted ferrofluid
mass, which for the device under test is 1.3*¥*10-3 m.

The last term in Equation 3.23 represents the contributions of both
the hydrodynamic force and the target flow rate.

As first, some considerations can be performed on the static beha-
vior of the device described by the following relationship coming from
Equation 3.23:

_ 6m7Req

x=—0= (3.24)

The following form of the device responsivity, R, is evincible from
Equation 3.24:
_x _ 6mnRe,
T0 Sk (3.25)
Table 3-4 summarizes the device specifications for the investigated
values of the retaining magnetic field. Such values have been estimated
by matching (3.24) and (3.25) to experimental data shown in Figure
3-33 and using specifications of the adopted ferrofluid given in Table
2-1.
Concluding it can be affirmed that results presented in Figure 3-33
along with Equation 3.25 can be used during the design phase to esti-
mate the retaining magnetic field amplitude assuring the device per-

formances in terms of responsivity and operating range.



Sensors based on ferrofluids 87

Table 3-4 Summary of the device performances as a function of the retaining

magnetic field.

Hye: k Responsivity Max flow rate
133G 0.0017 N/m 0.0046 m/(ml/s) 1.5ml/s
153 G 0.0025 N/m 0.0030 m/(ml/s) 2ml/s
186 G 0.0034 N/m 0.0022 m/(ml/s) 2.5ml/s

Simulations have been also performed to investigate the dynamic
behavior of the flow sensor by the numerical integration of model (3.23).
Figure 3-35 shows how the frequency responses of the device change as
a function of the retaining magnet field. Simulations have been per-
formed in the Matlab® environment by using parameters reported in
Table 2-1 and Table 3-4 and the specifications of the real architecture
described in the next section.

As expected, due to the increment of the k factor with H,., the re-
sonance frequency of the device increases as the magnetic field increas-
es. The estimated frequency bands of the device are typical of sensing
systems adopting ferrofluids as the active mass.

Experimental observations reported in Figure 3-33, in the case of
H,.; = 186G, show a negligible device sensitivity to flow rate lower than
0.3 ml/s. This effect can be reasonably justified by static friction pheno-
mena due to the high magnetic pressure acting on the ferrofluid. To si-
mulate such effect a non linearity (dead zone) has been considered
which null the flow rate effect up to 0.3 ml/s.

For the sake of completeness Figure 3-36 shows the simulated step

response of the device as a function of the retaining magnetic field.
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Above considerations reinforce the need for the preliminary obser-
vations shown in Figure 3-33, which become mandatory for a suitable

modeling of the device behavior.
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Figure 3-35 Simulated frequency responses of the device.
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Figure 3-36 Simulated step responses (for Q=1 ml/s) of the device.
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The experimental results

The sensor prototype is shown in Figure 3-37a where the pipe, the sens-
ing coil and the magnetic shaping system are evincible.

Figure 3-37b shows a real view of the experimental set-up adopted
to characterize the behavior of the flow sensor prototype. The sensing
coil has been omitted for the sake of convenience. A sliding mechanism
ruling the position of the shaping magnets can be distinguished. As it
will be demonstrated in next sections, the possibility to regulate the
magnet position allows for defining some specifications of the device
such as the operating range and the responsivity.

The adopted glass pipe has an inner diameter of 5 mm and a length
of about 180 mm and it is filled with de-ionized water. A ferrofluid mass
of 0.01 ml (EFH1 by Ferrotec) was used. The sensor is supported by a
plexiglass structure which is positioned over a tank. A pump was used
to force inside the channel a controlled flow rate which is independently
measured by a graded outlet tank.

Experimental results obtained for retaining magnetic fields of about
133 G, 153 G and 186 G are given in Figure 3-38 which shows the device
output voltage as a function of the flow rate intensity.

As shown in Figure 3-30 PC based measurement station including a
data acquisition board and a LabVIEW® interface has been used to ac-

quire and process signals given by the readout electronics.
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Figure 3-37 a) real view of the flow sensor; b) experimental set-up adopted to

characterize the sensor prototype.
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Figure 3-38 The sensor response for retaining magnetic fields of 133 G, 153 G
and 186 G.
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As expected, for increasing value of the magnetic field, the operative
range increases and the sensitivity decreases.

The calibration models of the flow sensor in the operating condi-
tions investigated (H,.; of 133G, 153G and 186G) are summarized in
Table 3-5. The obtained linear behavior of the device (see Table 3-5)
along with the observed linear relationship between Q and x (see Figure
3-33) allows for confirming assumption (3.21) related to the behavior of

the readout electronics.

Table 3-5 Calibration models of the flow sensor in different operating condi-

tions.
Hye: Calibration diagram
133G Q = 40.56 V,,,
153 G Q =62.72Vyy,;:

186 G Q =82.88V,, +0.35

The device operating range, responsivity, resolution and uncertain-

ty, in the different operating conditions are summarized in Tab.4.

Table 3-6 Device specifications for three different values of the retaining mag-

netic field.

Specifications Hyes

Magnetic field 133G 153 G 186 G

Max flow rate 1.5ml/s 2ml/s 2.5ml/s
Responsivity 0.0247 V/(ml/s) 0.0159 V/(ml/s) 0.0121 V/(ml/s)
Resolution 0.0117 ml/s 0.0105 ml/s 0.0130 ml/s

Uncertainty 5.41 % 3.58 % 3.40 %
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3.4. A ferrofluid inclinometer with a time domain readout

strategy

In this section a novel approach to implement a tilt sensor is presented.
The proposed methodology exploits a continuous movement of a ferro-
fluid mass on the housing structure.

The novelty of this device as respect to solutions already available
in the literature is the exploitation of a low cost reading architecture
adopting a time domain readout strategy. The device output, in fact,
consists in the frequency of an opportune signal coming from the modu-
lation of a coil output voltage due to the mass movement. The output is
then digital and it can be easily use with digital systems (e.g. microcon-
troller). Actually, the tilt information is achievable through the observa-
tion of the time elapsed by the ferrofluid mass moving between two
fixed sections of the pipette.

Other advantages of the proposed inclinometer are related to the
use of ferrofluid as inertial mass: high robustness against mechanical
shocks, the electric isolation between the device electronics and the lig-
uid media and the physical decoupling between the device structure and
the readout system: the pipe, that is the disposable part of the device, is
very cheap while the external electronics used to implement the readout
strategy can be re-used.

As for the other devices above presented, also the inclinometer sens-
ing strategy should be used in pre-existing channels by injecting a mass
of ferrofluid and clamping the external control and the reading units;
for such a reasons the device could be used also in several biomedical

contexts.
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The inclinometer working principle, the device architecture, the
sensor implementation and experimental results are discussed in the

following sections.

The working principle

The TDR (Time Domain Readout) inclinometer resembles the same ar-
chitectures implementing two other kinds of inclinometer recently de-
veloped at the DIEEI laboratory: a static inclinometer [31] and a reso-
nant inclinometer [32].

In the static inclinometer the magnetic mass surrounded by de-
1onized water is contained inside a glass pipe and is subjected to a mag-
netic field generated by external coil wounded around the pipe. The de-
vice exploits the relationship between the ferrofluid mass position and
the device tilt coming from the equilibrium between the magnetic force
and the gravitational force in the steady state regime. The mass posi-
tion is detected by two coils (wound around the pipe) in differential con-
figuration. The device shows some problems about the adhesion be-
tween the mass and the pipe for small tilts.

To improve the performance for small tilts, a resonant inclinometer
was developed. The new configuration uses two actuation coils to move
the ferrofluid mass around its equilibrium position thus preventing the
adhesion of the ferrofluid to the glass pipe and therefore improving the
sensor resolution.

The TDR inclinometer consists of a glass pipe containing a ferroflu-
1d mass dispersed in water, an actuation coil to control the ferrofluid
mass and to excite the sensing coils and two sensing coils to monitor the

mass position. Both the actuation and the sensing coils are wound
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around the pipe, as schematized in Figure 3-39: the actuation coil is po-
sitioned in the centre of the pipe while the sensing coils are symmetri-
cally just opposed as respect to the actuation coil and they are connected

in a differential configuration.

Actuation coil

/

Ferrofluid mass

—

Sensing coils
Figure 3-39 Schematization of the developed TDR inclinometer.

The actuation coil is driven by an excitation current

iexc = 10 + IM sin(wt) (326)

The I, bias is used to implement a retaining mechanism.

When the [, bias is turned on the ferrofluid mass experiences a
magnetic force able to suck the ferrofluid volume to the centre of the coil
independently on its current position inside the pipe. The sinusoidal
term is used to excite the sensing coils, while its effect on the retaining
mechanism is negligible.

In the case of a null tilt the mass resides in its equilibrium position
in the centre of the actuation coil. When a tilt is imposed to the device
and I, = 0 the mass moves towards the end of the pipe. When the mass

reaches a control position inside the channel the restoring current I, is
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forced into the actuation coil thus producing a magnetic force sucking
the mass towards the center of the actuation coil. When the mass reach-
es the coil center the I, current is switched off and the mass starts again
to move along the channel.

The time elapsed by the ferrofluid mass to reach the control position
from the centre of the actuation coil depends on the tilt magnitude.

The mass position is detected by the sensing coils while the restor-
ing current is activated by comparing the readout output signal with
fixed levels. In this way the ferrofluid mass continuously oscillates be-
tween the centre of the actuation coil and the control position with the
advantage prevent potential static friction.

The output signal of each sensing coil is given by the excitation cur-
rent modulated by the mass movement inside the channel; the frequen-
cy of the modulating signal depends on the imposed tilt, because the
time duration of each sweep of the ferrofluid mass between the coil cen-
ter and the control section depends on the tilt.

A block diagram of the working principle is reported in Figure 3-40,
while an example of the output signal modulation due to the mass posi-
tion is shown in Figure 3-41: as it can be observed, the frequency of the
modulating signal increases with the imposed tilt: higher is the tilt,
higher is the frequency.

The idea behind the proposed approach is to use the frequency in-
formation of the de-modulated signal as the sensor output information

to quantify the imposed tilt.
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Figure 3-40 Block diagram of the sensor working principle.
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Figure 3-41 Qualitative behavior of the signal modulation due to the mass

movement: 8; < 8, < 6.

When a tilt is applied, the mass moves towards the end of the pipe;
such a movement is detected through an inductive readout strategy.

The actuation coil is driven with a sinusoidal current with, when it
1s necessary, the superimposed constant current. The electronics used to
drive the actuation coil is shown in Figure 3-42.

The two sensing coils are connected in a differential configuration,
as shown in Figure 3-43.

The output voltage of the readout electronics, V,,;, is given by the
excitation signal coming from the actuation coil modulated by the
movement of the ferrofluid mass between the centre of the coil and the
control point. As already mentioned the frequency of the demodulated
signal is strictly related to the device tilt.

The basic assumption is that the tilt dynamic is negligible as re-

spect to the carrier frequency.
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The output voltage signal of the readout system, V,,;, is correlated to

the ferrofluid position inside the pipe.

3
OPA548T

Primary_coil

Figure 3-42 A scheme of the electronics used to drive the actuation coil.
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Figure 3-43 A scheme of the electronics used to sense the mass position.
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When the mass reaches the first threshold position (fixed almost at
the end of the sensing coils), and consequently the output voltage as-
sumes a value V2, the bias current I, is turned on; such a current gene-
rates a magnetic force that sucks the ferrofluid mass towards the actua-
tion coil center. When the ferrofluid mass reaches the centre of the act-
uation coil the V,,, voltage assumes the value V3 and the I, current is
switched off. In this condition the ferrofluid mass is free to move again

towards the pipe end.

The model

A simplified form of model describing the device behavior is the follow-

ing:
prViz =~k +En t K (3.27)

where Fj, is the hydrodynamic drag force expressed by Equation 2.8; F,
is the gravitational force including the Archimedes’s force, that can be

expressed as

Fy = (ps = p1)Vygsin® (3.28)
where p; and p; are the ferrofluid density and the liquid density, re-
spectively and 6 is the applied tilt;

F, is the magnetic force generated along the sensing axis by the
actuation coil and expressed through Equation 2.5. Such a force is ap-
plied only to recall the mass from the threshold position to the actuation
coil center; it means that the magnetic force has two different values as

function of the mass position:
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Vex¢B
E, = man in the threshold
Ho (3.29)
E,=0 otherwise

The real device

The sensor prototype is shown in Figure 3-44 where the pipe, the two

sensing coils and the actuation coil are evincible.

Actuation coil

\
"l—
¥

Sensing coils

i

Figure 3-44 Real view of the developed prototype.

In order to implement the RTD measurement strategy (to monitor
the output signal V,,; and control the imposed retaining force) a dedi-
cated environmental in LabVIEW® software was developed. The rea-
lized interface is made of three different parts. The first section controls

the step motor used to impose the tilt in the two direction.
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The second one compares continuously the peak value of the output
voltage with the two threshold values V3, and V3 and it controls the
wave generator in order to add or remove the offset to the driving signal
of the actuation coil. The control of the wave generator is due through
the IEEE488 protocol. Three graphs show the signal processing: one
shows the sinusoidal waveform acquired from the sensing coils. This
wave 1s modulated in amplitude by the movement of the ferrofluid
mass; another graph represents the timed-values of the array obtained
from measure peak-to-peak voltage. The sequence of the peak-to peak
voltage values gives a modulated waveform whose frequency is related
with the imposed tilt, as it is evincible in Figure 3-41.

The last graph represents the single value of the peak-to-peak sig-
nal. The visual result of this graph is a white ball moving up and down.
It seems to be a real movement of the ferrofluid mass inside the glass
tube.

The third section of the LabVIEW® tool saves the data in a file.

Figure 3-45 shows snapshots of the interface realized to character-
ize the inclinometer.

Parameters of the actuation and sensing coils are reported in Table

3-7 and in Table 3-8.
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Figure 3-45 Snapshots of the realized interface: a) control of the tilt, b) compar-

ison of the output signal with the two threshold values and monitoring of the

signal processing, c) acquisition of the output data.
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Table 3-7 Parameter values of the driving system.

Actuation coil Value
Layers number 12
Spires per layer ~128
Length 0.03 m
Internal radius 0.013m
Resistance 79 Q
Inductance 41.1 mH

Table 3-8 Parameter values of the sensing system.

Sensing coils Value
Layers number 12
Spires per layer ~85
Length 0.02m
Internal radius 0.013 m
Resistance 53.2Q
Inductance 23.9 mH

In order to implement the experimental set-up for the device cha-
racterization a step motor with a minimum step size of 0.06° was used.

A set of experimental measures was performed applying tilt steps of
1.2° from 0° to 13.2°.

The acquired signal is the modulated waveform; the information re-
lated to the mass displacement is obtained by calculating continuously
the peak-to-peak voltage of the sinusoidal signal modulated by the fer-

rofluid mass position.
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Examples of signals acquired for different imposed tilts are reported
in Figure 3-46, while the comparison between the demodulated wave-
forms obtained for two imposed tilts (e.g 1.2° of difference) is shown in
Figure 3-47. As it is evincible, the frequency of the modulated wave
grows with the imposed tilt.

Such a behavior is highlighted also in Figure 3-48a-d, in which the
power spectrum density (e.g PSD) signals in Figure 3-46, are reported.
Each figure shows several superimposed PSD obtained with repeated
measures relative to the same tilt: figures evidence the good repeatabili-
ty of the device.

The calibration model of the developed inclinometer is reported in
Figure 3-49.

Sensitivity and resolution obtained by the experimental characteri-

zation of the device are respectively 0.0776 Hz/° and 0.2535°.
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Figure 3-46 Output signals obtained imposing different tilt values.
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Figure 3-48 Power Spectrum Density vs frequency for four different imposed

tilts: a)1.2°, b) 4.8°, ¢) 8.4° and d) 13.2°. it is evincible that the peak depends on

Figure 3-49 Calibration model of the TDR inclinometer.
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Chapter 4

ACTUATORS BASED ON FERROFLUIDS

A field of wide interest in the modern research is related to the biomedi-
cal applications, as previously evidenced in Chapter 2. All the bio-
applications, also if different each others, need a fluidic system to con-
trol and move magnetic particles along a predefined path to reach, for
examples, particular cell for chemical treatment (as linking with biomo-
lecules) or specific part of the human body (as in the hyperthermia or in
drug delivery technique) or simply to move the particles inside a chan-

nel (as in magnetic separation).
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A fluidic system needs of valves to open and close the channel, of
plungers to move liquids in which the particles are placed and of sys-
tems to move and control the particles.

In this chapter two actuators realized to perform Lab-on-chip and
generally bio-medical systems are proposed.

Actuators shown in the next sections demonstrate that it is possible
to realize both plungers and valves using ferrofluids, and that a com-
plete control of the mass movement is easily implementable through a
magnetic actuation. This constitutes a concrete premise for the realiza-
tion of integrated systems containing both the sensor and the fluidic
part able to control and perform the process.

The use of ferrofluids gives the opportunity to handle small volumes
of fluids: this is an important aspect in micro-systems because it allows
to reduce the consumption of expensive reagent.

Other advantages of using ferrofluids in actuators are the low cost,
the intrinsic robustness against mechanical shocks and the possibility
to produce flexible structures to use for different purposes.

In the next sections developed actuators are reported, together with
a description of their working principle, the prototype realization and

the characterization.

4.1. The “One Drop” ferrofluid pump

The need in many applications of low cost transducers capable to handle
small amounts of liquids is focusing the research community towards

the development of innovative and cheap solutions. The satisfaction of
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hard specifications, such as reliability and reasonable accuracy in the
frame of low cost and disposable devices, is a big deal.

Although conventional micropipette can sample small liquid vo-
lumes with a precision ranging in 3-5%, the development of novel solu-
tions showing high reliability (against shock) and flexibility (easy im-
plementation into pre-existing pipes) especially when the dimensions
are seriously shrank (e.g. MEMS) are highly demanded.

Advantages of the realized pump are the decoupling of the mechan-
ical part from the electrical part of the system, that assures both elec-
trical insulation of the liquid media to be pumped and the re-usability of
the driving tool. The latter is the expensive part of the system, while the
cheap section housing the fluid could be considered as the disposable
part of the system.

Another advantage of the decoupled structure consists on the possi-
bility to implement the pumping mechanism in a section of a pre-
existing pipe without invasive actions damaging or modifying the origi-
nal structure, thus increasing the flexibility of the methodology pro-
posed and widening potential applications also in the field of bio-
medical devices. Actually, the pump could be implemented by injecting
a single drop of ferrofluid in the considered channel and by externally
plugging the electromagnetic driving system.

The use of magnetic fluids as the active mass offers the possibility
to develop a device with electrically tunable specifications. As an exam-
ple, in the case of the considered pump, the drop pressure and the flow
rate are strictly dependent on the current flowing in the driving elec-

tromagnets. As already stated, the latter behavior resides in the possi-
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bility to control the physical properties of the ferrofluid (such as the vis-
cosity) by changing the intensity of the tuning magnetic field.

Other interesting features of such approach are related to the ab-
sence of mechanical moving parts and solid-inertial masses which pro-
vides to the device high reliability and robustness against mechanical
shocks.

The device presented in this section represents an improvement of
systems previously developed at the DIEEI laboratory: the “FPI1_D”
pump [33], in which a pump using a single mass of ferrofluid to imple-
ment both a plunger and two valves is presented. The actuation system
is driven by digital signals. The pump FPI_D was revisited and a new
driving mode was addressed. The new solution, based on a analog driv-
ing system (hereinafter “FPI1_A”), guarantees enhanced performances
such as linearity and smooth pumping flow [34], [35], [36].

In the following sections, details about the pump operation principle
are given, along with the actuation strategy adopted; the prototype rea-
lized is shown and its characterization are presented, together with an

optical validation of the ferrofluid mass movement.

The pump architecture

In order to implement the pumping mechanism, a single volume of fer-
rofluid is injected into a glass pipe filled with de-ionized water. A sheet
of paper magnet is located on the bottom of the pipe to fix the position of
the magnetic fluid. Actually, the magnetic dipole is aligned with the
glass pipe to allow for the formation of a “magnetic tank”: the ferrofluid

1s flattened at the bottom of the channel thus allowing the fluid flow.
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An array of five electromagnets, wrapping the pipe with the paper-
magnet, allows for the formation and the managing of a ferrofluid cap
(acting contemporaneously like a valve and a plunger). Actually, this
cap 1s moved from the left to the right due to the magnetic pressure
generated by the electromagnets array.

A schematic of the proposed prototype is shown in Figure 4-1, where
the driving electromagnetic system and the single ferrofluid cap are

perceivable.

Signal
generation

Electromagnets Array System
I'4 ¥ v X R}

Ferrofluid

Phase lag |
circuitry

SN

Glass pipe

N
A
Permanent
Magnet < ¢ ¢ 3¢ c4 @ 5

( Control | J

circuitry

Figure 4-1 Schematic of the proposed design for FP1 pump architecture. It is
possible to view the magnetic volume flattened in the channel due to the mag-
netic force applied by the permanent magnet, the polarization of the electro-
magnet and the coils, used to create and move the cap of magnetic fluid in the

glass pipe, wounded around pipe and magnet.

As respect to the implementation described in [33], where the elec-

tromagnets array system is digitally controlled, the new driving strate-
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gy uses a set of analog driving signals which guarantee a continuous
movement of the ferrofluid cap and consequently a more linear fluid
flow. This is due to the intrinsic principle of operation of the “FP1_A”
device.

The latter feature, coupled with the very simple architecture of this
device, make the proposed solution very attractive for a large field of in-

terest including bio-medical applications.

The actuation strategy

The proposed analog actuation strategy is based on the following idea:
while the permanent magnet keeps flattened the ferrofluid on the bot-
tom of the pipe, the electromagnets are excited to suitably manage the
ferrofluid cap inside the pipe (creation and propagation).

In particular, the electromagnets are excited with five sinusoidal
signals, with frequency o, showing a phase lag, @, between each other.

The idea consists in the realization of a moving magnetic field (a
moving magnetic wave) inside the pipe, which is materialized by the
ferrofluid that, thanks to its magneto-rheological properties, conforms to
the field distribution along the pipe. In this way the “cap” appears as
formed at the left end of the pumping section and then smoothly moved
toward the right side. When the rightmost point is reached, the cap
reappears to the leftmost section of the pump. In Figure 4-2 the actua-
tion strategy is schematized: the step d is necessary to close the channel
when a new pumping sequence occurs avoiding in this way that fluid
flows without the plunger action.

This approach is valuable in terms of the fluidity and linearity in

the management of the fluid flow and represents an improvement as re-



Actuators based on ferrofluids 115

spect to the digital approach presented in [33]. Furthermore, the fluid
pumping can be reversed by reversing the excitation signals sequence of

the electromagnets array system.

Figure 4-2 Schematization of the actuation strategy used to pump the liquid

from the left to the right side of the pipe.

The mechanism leading to the cap formation is evincible by consi-
dering the magnetic force along the channel. The force produced by an
electromagnet driven by a current, i,,., and acting on a ferrofluid vo-
lume can be expressed as in Equation 2.5, where the magnetic field B
produced by an electromagnet can be expressed through Equation 1.8.

The total magnetic force generated by the electromagnets array can

be expressed as:

5 5
For = Vf)(f (Z H; V)ZBL (4.1.)
i=1 i=1

where i counts for the electromagnets in the array.
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A simulated time shot of a typical shape of F,,; along the channel is
given in Figure 4-3. The simulation has been performed in Matlab® by
the implementation of model (4.1). Simulation parameters are evincible
in Table 4-1, while for the ferrofluid mass parameters reported in Table
2-1 and Figure 2-4 were used.

Conditions leading to the cap formation are [33], [37]:

FmT=0
9 (4.2)
&FmT<O e

As an example, in the case presented in Figure 4-3, the arrow
points the channel position where the total magnetic force fulfils condi-

tions (4.2).
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Figure 4-3 The behaviour of the total magnetic force inside the channel and the
condition for the cap formation. The driving signals considered are of 400 mApp

@ 0.5 Hz, while other simulation parameters are evincible by Table 4-1.
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Table 4-1 Characteristic of electromagnets used in the Matlab® simulation.

Value
Coil length 0.01 m
Coil inner radius 0.008 m
Number of windings ~2000
Coil resistance ~65 Q
Wire diameter ~0.0002 m

Two sets of signals were used to drive the electromagnets: sinusoi-
dal signals without a superimposed bias and sinusoidal signals with a
superimposed bias. To establish the right phase value to impose in order
to have a fluid movement of the ferrofluid mass, simulations were per-
formed.

The first set of signals imposed to the electromagnet array is made
by sinusoidal signals without superimposed bias.

The analysis of the F,,; time evolution leads to results in Figure 4-4,
showing typical trends of the cap movement. In particular, a set of
simulations for different phase lags, ¢, have been performed and the re-
sults obtained show the possibility to move the ferrofluid cap from the
left to the right of the active area (inside the electromagnetic array).

Each plot shows the ideal cap trajectory (a linear movement be-
tween the two extremities leading to a constant fluid flow) and the
simulated behaviour.

In order to select the optimal ¢ value assuring the best linearity in

the cap movement, the following index has been used:
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(4.3.)

where N states for the time sampling, while xy(¢) and %y are the

simulated and nominal cap positions, respectively.

As can be observed in Figure 4-5, showing the evolution of the index

J as a function of the phase lag, the optimal solution is obtained for a

phase lag equal to /6.
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Figure 4-4 Time evolution of the cap position for different phase lags. The ferro-
fluid cap can be moved from the left to the right of the active area. Each plot
shows the ideal cap trajectory (the continuous line) and the simulated behav-
iour (symbols). Electromagnets are driven with signals without superimposed

bias.
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Figure 4-5 The J index adopted for the optimization of the phase lag between

the driving signals.

The same simulations were performed for the second set of imposed
signals: electromagnets are driven with sinusoidal signals with frequen-
cy ®, showing a phase lag ¢ between each other and a DC level, whose
value is chosen in order to have signals totally positive.

To establish the optimal phase between the driving signals the si-
mulated evolutions of the cap position for different phase lags (ranging
between 20° and 70°, with step of 5°) have been investigated. Figure 4-6
shows examples of the simulated behavior.

In order to select the optimal @ value assuring the best linearity in
the cap movement, the index | expressed in Equation 4.3 has been used.

As can be observed in Figure 4-7, showing the evolution of the index
J as a function of the phase lag, the optimal solution is obtained for a

phase lag equal to 60°.
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Figure 4-6 Time evolution of the cap position for different phase lags. The fer-
rofluid cap can be moved from the left to the right of the active area. Each plot
shows the ideal cap trajectory (the continuous line) and the simulated behavior

(symbols). Electromagnets are driven with signal with offset.
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Figure 4-7 Evolution of | as function of the phase lag.

The prototype realization

A real view of the prototype realized is shown in Figure 4-8. The proto-
type consists of five coils wrapped around a glass pipe and a permanent

magnet.

Figure 4-8 The Ferrofluid pump, FP1, prototype: view of the actuation system

wrapped around the glass pipe and of the magnet.
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Specifications on liquid volume handled per cycle and the maximum
drop pressure have been used to perform the device design.

Assuming a typical pipe with an inner diameter of 0.004 m (and
outer diameter of 0.007 m), a desired liquid volume per cycle of
0.5 ml/cycle leads to the following choices: a ferrofluid volume injected
into the channel of Vs~ = 0.3 ml and an active range of the cap move-
ment of 0.04 m.

As a consequence a magnetic sheet with a length L,, = 0.05 m and
five electromagnets with a length L = 0.01 m have been used. Other
characteristics of electromagnets realizing the actuation system are re-
ported in Table 4-1.

Electromagnets are driven both with signals without superimposed
bias and with signals with superimposed bias, obtaining different cha-
racterizations.

It must be observed that the fluid flow rate can be controlled by
changing the frequency of the excitation current in the electromagnet,
while the flow direction depends on the sequence of actuation.

A maximum current value in each electromagnet of I = 500 mApp
within a desired maximum drop pressure value of DPB,,, = 1 kPa have
been used to estimate the windings number in each electromagnet. Ex-
ploiting the following expression of the magnetic pressure acting on a

ferrofluid cap
DP = u(H;M; — H,M) (4.4.)

a value of N = 2000 windings for each electromagnet was obtained

by using an optimization algorithm implemented in Matlab®,
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Characterization of the FP1_A pump

In Figure 4-9 the experimental setup used for the characterization of
the pump is presented. It consists of an inlet tank and an outlet tank

connected to a single drop pump.

Pump Inner tank

Driving Circuitry /

Figure 4-9 Experimental setup used to characterize the FP1_A pump.

Experiments dedicated to estimate both the drop pressure and the
average amount of pumped liquid, over a surveys of several pumping
cycles, as a function of the driving current, I,,., have been performed.

In order to estimate the quantity of fluid pumped over the pump
operation a OADM12 laser system, by Baumer, measuring the level of
liquid in the outlet tank has been installed. The diameter of the outlet
tank is 26.55 mm. Considering a resolution of the laser system less than
0.1 mm, the corresponding resolution in the estimation of the pumped
liquid volume is 66,43 pul when driven signals are without offset and
55,36 ul when driven signals are with offset.

The results, obtained for a set of driving current amplitudes and

frequencies are given in Figure 4-10 (signals without superimposed
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bias) and in Figure 4-11 (signals with superimposed bias) showing the
amount of fluid accumulated into the outlet tank during the pump op-
eration. This quantity can be easily converted to the pressure load pro-
duced by the accumulated fluid on the pump mechanisms (see the right

axis of Figure 4-10 and Figure 4-11) with the following expression:

P =pgh 4.5)

Actually, these results represent the averaged values of several ob-
servations. The maximum residual observed between the different ac-
quisitions of the liquid level pumped in the outlet tank, in the worst
case, 1s of 0.3 mm which leads to an experimental contribution to the
uncertainty of the handled volume estimation equal to 166.08 pl.

As 1t can be observed, after an amount of operation time, the pump
flow rate (given by the slope of the plotted curves) depends on the vol-
ume of fluid accumulated in the outlet tank (actually on the pressure
load). Anyway, for this kind of pumps the operation range assuring a
constant flow rate must be taken into account. This choice limits the
range of operation up to a pressure threshold, defined as the value be-
low which the flow rate is constant. The meaning of pressure threshold
is evincible by the “slope line” in Figure 4-10 and Figure 4-11. The
threshold pressure is defined as the pressure assuring a linear accumu-

lation of the pumped volume.



Actuators based on ferrofluids

16
14 ///// 250
12
/ / 200
10 P A A
T 4 / ¥ ¥ = ¥ s ¥ 150 E
N/ = :
6
W o £=0.30 Hz'"
4 = f=(0.42 Hz}
4 £=0.50 Hz||59
2 ® f=0.66 Hz|
+ f=0.87 Hz
0 50 100 150 200 250 300
time [s]
16
o / ////
12 - - P
// W : : . o0
10 ‘ :

W/ /4 =~
¢ / ¢ 1=030Hl}
//// " £=0.42 Hz
4 A f=0.50 Hz{

e =0.66 Hz 50
2 + =0.87 Hzpy
0 50 100 150 200 250 300

time [s]

127

b)



128 Chapter 4
) A ——
12 / / = //’r_ ]
Ny /s
> o
¢ // v t=030mz] "
iy /4 < 050
2 .- 0.6 Haz|t
50 100 150 200 2‘50 = HZ30%

time [s]

Figure 4-10 Results obtained through the device characterization procedure.

The driving current has been fixed to: a) 300 mApp, b) 400 mApp, and c¢) 450

mApp.

T
// ¢ £=0.50 Hz
= £=0.87 Hz[ 1?0
/// A £=1.00 Hz
/// ® £=1.20 Hz| |5
* £=2.00 Hz| |
/ 150 g a
A A A A A rd 4
Vi = s Snaas RN
A
50
50 100 150 200 250 30%

time [s]



Actuators based on ferrofluids 129

f=0.50 Hz
f=0.87Hz {250
f=1.00 Hz
f=1.20 Hz
f=2.00 Hz

200

\
\
AN

B 10 / / — . -— . . . -
;E. 8 /’/jﬁ—ﬂ- & * s $ y 1 150 :z b
6 Y 100 )
4 P4
/ 50
2
50 100 150 200 250 300
time [s]
16
14 //;/ 250
12 A A A A A
/ / %ﬁ . ° ° - : ° o 200
10 % A
E / [é // 150 g 0
> / [
6 / 100
/ * £=0.50 Hz
4 ® f=0.87 Hz|
/ A f=1.00 Hz||50
2 e f=1.20 HzJ
* f=2.00 Hz
0 50 100 150 200 250 300
time [s]

Figure 4-11 Results obtained through the device characterization procedure.
The driving current has been fixed to: a) 180 mApp + 90 mAdc, b) 200 mApp +
100 mAdc and c) 230 mApp + 115 mAdc.

In particular, in this operating range the flow rate increases with
the frequency of the driving signals. It must be also observed that the
pressure thresholds increases with the driving currents while it de-
creases with the frequency probably due to the sealing feature of the

pumping mechanism which gets worse as the frequency increases.
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All these results are summarized in Figure 4-12, showing the pres-
sure threshold as a function of the flow rate for different value of ampli-
tudes and frequencies of the driving currents. As can be observed the
pressure threshold increases with the driving currents while it de-
creases with the frequency probably due to the sealing feature of the

pumping mechanism which gets worse as the frequency increases.
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Figure 4-12 Threshold pressure and the corresponding pump flow rate as a
function of the excitation current: a) signals without superimposed bias and b)

signal with superimposed bias.
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Figure 4-13 shows the maximum drop pressure as function of the
driving frequency. The maximum drop pressure is the pressure value
corresponding at the maximum pumped volume. It can be observed that
the “cup sealing” is guaranteed approximately until 0.9 Hz when signals
without superimposed bias are used, and until 2 Hz when driving sig-

nals have a superimposed bias.

280
““. ......... y -, Ipp = 350 mA
260 e Ipp =400 mA
PR AT Y === Ipp = 450 mA
240 e ¢ =030 Hz
] 1 e ) " f=0.42 Hz
'E 220 ° A f=0.50 Hz
= * ® f=0.66 Hz
% 200
g * f=0.87 Hz a)
=9
A 180 *
160 L
‘}_ .............................. !
0 T
129
2 03 0.4 0.5 0.6 0.7 0.8 0.9 1
frequency [Hz]
240 : .
I T e Y R Ipp = 180 mA
220 Vet * - . Ipp =200 mA ||
R ~........ e Ipp =230 mA
2000 e ¢ £=0.50 Hz
180 TR m =087 Hz
= n e, A f=1.00 Hz
% 60— M| ® f=120Hz
g * * £=2.00 Hz b
g T )
A | e A 3
120 pu— e Y
oop—————— L e
............................ 3
L S s B B
.............. |
87 0.6 0.8 1 1.2 1.4 1.6 1.8 2
frequency [Hz]

Figure 4-13 DPmax vs frequency: a) signals without superimposed bias and b)

signals with superimposed bias.
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In Figure 4-14 are shown results obtained in the absence of outlet
tank for two different driving signals. Comparing such figure with Fig-
ure 4-11 it can be observed that in vacuum the flow rate is greatest be-
cause in this case the driving signals frequency is higher: it is due to a

best sealing of the ferrofluid cup.
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Figure 4-14 Amount of pumped liquid in vacuum.

A new set of experimental measures to estimate the average
amount of pumped liquid and the maximum drop pressure for a differ-
ent size of the outlet tank, was performed in the case of sinusoidal sig-
nals with a superimposed DC value. For these simulations a tank with a
diameter of 15,45 mm was used; the corresponding resolution in the es-
timation of the pumped liquid volume is 18,75 ul. Figure 4-15 shows the
comparison between results obtained with the first tank and the second

tank. As can be observed, the final pumped volume is different because
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it depends on the tank diameter, while the maximum drop pressure is

almost independent.
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Figure 4-15 a) Average amount of pumped liquid for the two different tanks

and b) maximum drop pressure for the two different tanks.



134 Chapter 4

An IR based methodology for the validation of the pumping mechan-

ism
The pumping mechanism described in the above section and schema-
tized in Figure 4-2 (cap formation and propagation) has been supported
by numerical simulations of models (Equations 4.1 and Equation 4.2)
describing the interaction between the mass of ferrofluid and the mag-
netic forces. In this section a dedicated set-up, used to experimentally
confirm the movement of the ferrofluid cap inside the channel during a
typical pumping operation, is described.

Figure 4-16 shows the sensing architecture realized to observe the
cap evolution inside the channel. In particular, a schematization of the
device housing the IR (Infra Red) sensor array and a real view of the
sensor array are given. The IR sensors adopted are the SFH3710 devic-
es. The array is aligned with the electromagnets to assure one IR detec-
tor is positioned in each coil section. As shown in Figure 4-16, two light
sources are positioned at the inlet/outlet sections of the channel thus al-
lowing a quasi-uniform light propagation through the channel. In order
to implement the optical readout strategy the pump set-up has been
slightly modified as respect to the realization shown in Figure 4-1, by
including two T connectors at the inlet and outlet sections allowing for
light sources positioning without compromising the fluid management.
The basic idea behind this experiment is to sense the light variation at
each element of the sensing array (corresponding to each driving section
of the pump) due to the cap formation at that element.

Signals coming from the sensor array are then conditioned by a ded-
icated electronic aimed at noise filtering and amplification. Manipulated

signals are then conveyed to a data acquisition board connected to a PC
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where an User Interface developed in LabVIEW® software has been
used to manage signals and reconstruct the cap position during the
pumping operation.

Initially, a test was performed to assess the operation of the sensing
strategy adopted to sense the ferrofluid cap position inside the channel.
In particular, a known ferrofluid mass was continuously moved back
and forward inside the channel just by tilting the pipette filled with de-
ionized water. The time evolution of signals coming from each sensor of
the IR-led array during this experiment is shown in Figure 4-17a. Fig-
ure 4-17b and Figure 4-17c show the evolution of the ferrofluid mass

from the left-hand side to the right-hand side of the channel.

CAP POSITION POST
RECONSTRUCTION PROCESSING

Phototransistors

Water ~

Led

Ferrofluid

Led Electromagnets

b)

Figure 4-16 The sensing architecture realized to observe the cap evolution in-
side the channel. a) schematization of the device housing the IR sensor array;

b) a real view of the IR sensor array.
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Figure 4-17 Time evolution of signals, Vi, coming from each sensor of the IR-
led array during experiments assessing the operation of the sensing strategy
adopted to sense the ferrofluid cap position inside the channel. a) the whole
signal evolutions; b) a detail of a cap evolution from the left-hand side to the
right-hand side of the actuation area, corresponding to the time interval hig-

hlighted in figure 4a; c) synthesis of the results shown in Figure 4-17b.
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Signals recorded during the test evidence the proper operation of
the developed sensing system and the suitability of the proposed me-
thodology exploiting the ferrofluid opacity to produce significant light
variation at the IR detectors.

A second set of tests has been implemented to reconstruct the cap
movement inside the channel during a pumping session. Figure 4-18
shows the time evolution of signals coming from the IR-led array in the
case of driving signals with amplitude and frequency of 200 mA (with a
superimposed bias of 100 mAdc) and 0.6 Hz, respectively.

The observed cap position has been then compared with the ex-
pected movement of the ferrofluid mass. Results of this analysis are
shown in Figure 4-19 for two different driving frequency, 0.6 Hz and
1 Hz.

As can be stated the observed trend represented by diagonal bands
matches the expected behavior represented by solid lines. The diagonal
bands are the observed cap movement and derive from the actual area
covered by the ferrofluid mass, while the solid lines represent the ex-
pected cap movement under the hypothesis of a punctiform ferrofluid

mass.
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Figure 4-18 Time evolution of signals coming from the IR-led array during a
pumping session. a) original signals and b) filtered signals. The driving signal

parameters are: 200 mA + 100 mAdc @ 0.6 Hz.



Actuators based on ferrofluids 139

Cap position [m]
(=)

a)

-0.01

-0.02

0.02
£ o0.01
=
g
= 0
8 b)
e
o
S
O 0.01

-0.02

0 1 2 3 4
time [s]

Figure 4-19 Observed evolution of the cap position during a pumping session
(diagonal bands) and comparison with the theoretical trend (solid line) in Fig-
ure 4-6. Forcing signals parameters are: a) 200 mApp + 100 mAdc @ 1 Hz and b)
0.6 Hz.
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4.2. Path Tracking of Ferrofluid Samples for Bio-sensing
Applications

As previously wrote in Chapter 2, ferrofluids can be used in bio-
applications as magnetic targets to link with biological molecules. Coat-
ing ferrofluid particles with biocompatible molecules allow to use them
as markers to identify bio-entities, as schematized in Figure 4-20, in
which the antigen is the molecule to identify and the antibodies are
used only to link the antigen with the magnetic particle, that acts as
marker. The main advantage of this form of labelling as compared to
other techniques is related to the simple mechanisms to identify, to lo-
calize and to transport magnetic labelled entities. Actually, all these
mechanisms are based on the use of magnetic fields which are also in-

trinsically penetrable into human tissue.

r ‘ © arker coated

* . ompatible

l cule

ibody

ibody

Figure 4-20 Schematization of the mechanism of magnetic labelling: the anti-
gen is linked on the one hand with a capturing antibody and on the other hand
with a detecting antibody, linked with the magnetic marker coated with a bio-

compatibile molecule.
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The magnetic particles, after the coating process, need to move to
specific location inside a channel or inside the human body. Due to their
magnetic nature, particles of ferrofluids can be controlled and moved by
suitable magnetic fields.

In this section a convenient approach to move a ferrofluid mass
along a pre-defined path is shown, together with some experimental re-
sults. In particular, the proposed methodology exploits a travelling
magnetic field able to capture the bio-target linked to the magnetic
beads and to move the sample along a pre-defined path consisting of a
number of sites. Each site can be considered a stable position where the
sample is subjected to chemical or thermal processes. The bio-sample to
be managed is supposed immersed in a working fluid. As an example,
such strategy could allows for bio-labeling and for the implementation of
Immune-assay tasks.

Although the working prototype developed is in the macro-scale, the
proposed mechanism to track and process a bio-target sample linked to
magnetic beads can be suitably down scaled.

Advantages of the use of ferrofluids in bio-applications are mainly
related to their bio-compatibility. Other claims are the absence of mov-
ing mechanics which enables the system scaling down, the electric isola-
tion between the liquid media (the bio-target and the magnetic beads)
and the system electronics including the magnetic actuation devices, the
physical decoupling between the device structure and the readout sys-
tem, which allows to re-use the expensive part of the device (external
electronics implementing the readout strategy) while the disposable

part of the device, that is very cheap, can be replaced.
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The working principle

The developed system is intended to demonstrate the possibility of mov-
ing a ferrofluid sample dispersed in a carrier liquid along a path defined
by a number of sites. As previously mentioned, outcomes of such metho-
dology could be the implementation of immune-assay techniques where
the sample must be processed by different steps. As an example, in each
site the bio-target conveyed by the magnetic mechanism can be sub-
jected to a specific process (thermal or chemical).

The basic idea behind the proposed approach is the generation of a
travelling magnetic field able to move the magnetic fluid sample across
neighboring sites.

Figure 4-21a shows a matrix of sites where the ferrofluid sample
can resides. Each site would represent one processing step for the bio-
target linked to the ferrofluid carrier.

In order to create the mechanism to move the ferrofluid mass from
one site to another site an array of actuation system, like the one shown
in Figure 4-21b, was realized. Each actuation system consists in an elec-
tromagnet coupled to a permanent magnet.

Electromagnets are able to create both positive magnetic field (f
driven by a positive current) and negative field (if driven by a negative
current), while the permanent magnet creates an additive magnetic

field.
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Electromagnet

b)

Permanent magnet

Figure 4-21 a) schematization of the matrix of the sites in which ferrofluid can

be states and b) schematization of the magnetic actuation system.

The driving current amplitude must be able to null the magnetic
field generated by the permanent magnet. Such choice will allow to
switch the total magnetic field from a strong value (in case the two
fields are in agreement) to an almost zero field (in case of opposite
fields). In order to estimate the current value Equation 1.8 was used.

Figure 4-22 shows the sequence of operations allowing the transi-
tion of the ferrofluid sample from a site A to a site B. When the mass is
in the site A, the A electromagnet is driven with a positive current and
the resulting field is added to the field generated by the permanent
magnet positioned in the A site; the B electromagnet is switched off. To
move the mass from the A position to the B position, the A electromag-

net is driven with a negative current in order to null the total magnetic



144

field in the A site while the B electromagnet is driven with a positive

current. When the mass reaches the B position, the A electromagnet is

turned off.

Mass in A Mass in
position movement

I
A electromagnet: | A electromagnet. |

I

1 |

1 ! 1
! ON +I po ! ON -1 I
' B electromagnet: | 'Belectromagnet: I
! OFF 1 ON +I !

Figure 4-22 Block diagram of the sequence performed to move the mass from

the A position to the B position.

The device

The system consists of a matrix of sixteen magnetic actuators, a glass
plate filled with de-ionized water and a drop of ferrofluid. Every elec-

tromagnet represents a possible stable position. Figure 4-23 is a picture

of the prototype.

: B electromagnet. |

Ml ELECTROMAGNETS

% PERMANENT MAGNETS

Figure 4-23 Real view of the realized prototype.

Chapter 4
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| A electromagnet. !
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To force the actuation coil with a positive current or a negative cur-
rent the half bridge configuration, shown in Figure 4-24, was used. The
operation of the device is given in Table 4-2. When both Q1 and Q2 are
off, no current flows in the electromagnet and no magnetic field is pro-
duced. When Q1 is on and Q2 is off a positive current flows in the elec-
tromagnet creating a positive field; when Q1 is off and Q2 is on, a nega-

tive current flows and the relative magnetic field is negative.

Figure 4-24 Scheme of the electronics.

Table 4-2 Operative conditions of the electromagnet as function of the desired

current value.

Q1 Q2 I
OFF  OFF 0
ON  OFF >0
OFF  ON <0
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The GUI for path definition and tracking

In order to define the path of the ferrofluid mass a Graphic User Inter-
face (GUI) was developed in LabVIEW®. The status of each site is de-
fined by a matrix of switches.

Two conditions are allowable, ON and OFF, which directly reflect
on the electromagnet status. Sites in the ON status will be part of the
established path. The interface allows to choose only adjacent sites; in
order to define the path, electromagnets have to be chosen in the same
sequence in which they must be activated. If a wrong electromagnet is
chosen (because it isn’t adjacent with the previous one) a warning mes-
sage appears. The interface gives also the possibility to establish if the
ferrofluid mass has to moves in a continuous cycle or if it has to stop af-
ter a single path. It is also possible to choose the residence time during
which the mass remains in each site. An array of led highlights which
electromagnet is active and which half bridge is turned on. The devel-

oped GUI interface is shown in Figure 4-25.

]
P P
‘v vevewwe
[ coil | enable

Figure 4-25 A picture of the realized interface in Labiew® software.
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The experimental results

Figure 4-26 shows frames of a video in which a ferrofluid mass follows a
path established through the developed interface.

A set of experiments was performed in order to establish the mini-
mum time step allowing the ferrofluid mass transition between two ad-
jacent sites. A ferrofluid mass of 0.1 ml was used to perform this expe-
riment. The time step was increased from 250ms up to 2000ms and sev-

eral measures for each time step were performed.

Figure 4-26 Frames of a video showing the movement of the ferrofluid mass

along a pre-defined path.
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When the time step is too low, the ferrofluid mass is not always able
to follow the defined path. This phenomena is evincible from results
shown in Figure 8. As it can be observed for a time step less than
500 ms the system is not always able to follow the selected path. Expe-
riments performed for time step higher than 500 ms show the repeata-

bility of the developed system.

IS

w

Number of measures

=

or twoconsecutive electromagnets

Minimum time step between the input signals
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Figure 4-27 Number of successful transitions between two adjacent positions vs
minimum time step between the input signal for two consecutive electromag-

nets.
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TOWARDS INTEGRATED MICROFLUID MAGNETIC

DEVICES

As evidenced in the Introduction, the advantages related to micro-
systems integrating both the sensing structures and the fluidic part are
various: the possibility to have a portable device to make measure in
different environments, the low cost related to the low amount of raw
materials and the low power budget, are only some characteristics of
such structures.

In Chapters 3 and 4 it has been demonstrated as it is possible to use
ferrofluids both to realize sensing devices and to implement actuators
useful for the fluidic system. Consequently, ferrofluids can be used to
realize complex systems including the sensors and the fluidic part. As

mentioned before, the use of ferrofluids confers to the devices numerous
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advantages as the opportunity to control the device specifications by
manipulating the ferrofluid mass properties by imposing magnetic
fields, the high reliability and robustness against shock, the reusability
of the expensive part of the device and the low cost due to the very small
amount of ferrofluid used as inertial mass.

In the following sections two different structures are presented as
examples of realization of systems integrating the sensing part and the

fluidic part.

5.1. An integrated device for biological measurements

In the modern research the realization of biosensors for applications in
different fields like public health, clinical analysis, water and air pollu-
tion, biotechnology holds an important position. For such devices a very
high sensitivity and specificity, a short analysis time, low cost, easiness
to handle, capability for portable applications are of fundamental im-
portance.

Biosensors with high sensitivity and specificity can be obtained by
using Immunoassay techniques [38], [39], whose working principle is
schematized in Figure 4-20. By comparison with the others, magnetic
markers have potential advantages, due to their low price, very high
stability and absence of toxicity. In addition, bio-molecules fixed to
magnetic nano-particles can be easily localized and manipulated by
suitable magnetic fields [40]. The problem of detecting biological agents
1s therefore shifted to the ability of sensing the presence of the chosen
marker and, in particular, referring to the magnetic markers the issue

arising concerns the possibility of detecting the weak magnetic field, or
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perturbation to an externally applied magnetic field, due to the presence
of a small number of particles having magnetic properties.

In the following sections an example of integrated system for biolog-
ical measurement is shown. In this structures ferrofluids are used both
to implement the fluidic part and as magnetic marker in order to realize

the Immunoassay technique.

The device architecture

The first step consists in the realization of the links between the ferrof-
luid particle, the antibody and the antigen to identify, as schematized in
Figure 4-20.

A scheme of the proposed structure is reported in Figure 5-1. The
functionalized magnetic beads and the fluid sample containing the ana-
lyte bounded to the antibodies, are driven into the "mixing chamber” to
realize the antibody-antigene binding. This agglomerate is driven to the
”sensing chamber” by a valve-pump system. If the chambers are pre-
loaded or, a positive pressure difference is applied, valves can be single-
use because the sample goes from the "mixing chamber” to the "sensing
chamber”; otherwise a volumetric pumping mechanism can be adopted
to move the fluid to the "sensing chamber” without the need of valves.

The inductive sensor will be placed on the bottom of the ”sensing
chamber” and here the immunoassay mechanism will be completed by
the binding of the functionalized magnetic beads to the receptors over
the active sensor surface to complete the sandwich shown in Figure
4-20. In the ”"sensing chamber” the above described sensor reveals the

amount of the molecule to detect.
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Sample Mixing Sensing
Chamber Chamber
Pump

' I I m Outlet

Input Output
Valve Valve

Magnetic Beads

Figure 5-1 The functional block scheme of the lab on chip system embedding

the inductive sensor for magnetic beads.

Both the valves and the pump can be realized used ferrofluids and
an actuation system made by electromagnets, as shown in the previous

chapter.

The magnetic sensor

Several different works have been presented in the scientific literature
which deal with the problem of detecting the presence of magnetic
markers into a selected area, [41], [42]: in these sensors the inductance
value changes as function of a certain density of magnetic particles in
the active region of the sensor device.

First the active region must be functionalized, very often silani-
zated, to allow the binding of the antibody over the sensor surface; then
both the active region and the magnetic particles must be functionalized
with an antibody specific to the analyte to be detected. The interaction
antibody-analyte-antibody binds the magnetic particles to the sensors
surface. If a magnetic field source is considered, the distribution of the

magnetic flux lines will be affected by the presence of a number of mag-
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netic particles, this in turn induces a change in the inductive impedance
of the coil placed in the active area of the sensor. In comparison with
other kinds of magnetic biosensors, inductive devices have several po-
tential advantages, which are related to their higher simplicity, fully
compatibility with standard Si technology materials, low cost and high-
er flexibility.

The device presented is based on a planar coreless differential
transformer configuration [43], [44], [45]. A primary coil generates a
magnetic flux which links with two secondary coils, having opposite
winding sense, connected in a differential arrangement, as shown in
Figure 5-2.

The primary coil generates a magnetic flux that therefore induces
voltages with equal values but opposite in sign in the secondary coils,
due to their opposite winding sense and the symmetry properties of the
device; therefore the resulting output voltage, which is the difference
between the voltages across the secondary coils, is zero when no mag-
netic particles are present. On the other hand, the presence of magnetic
particles in one of the secondary coils will cause an increase of the mag-
netic field density on an area close to the magnetic particles; in this
way, the output voltage will be non-zero in fact the voltages induced in-
to the two secondary windings will not be equal anymore.

In the proposed device only the secondary coil over which the mag-
netic particles are placed, acts as the “active” sensor, while the other
one acts as "dummy”, like in most differential sensing approaches. In
particular here the differential configuration is used not to enhance
sensitivity; in fact there are no opposite variations of inductance, but to

lower the noise floor. In fact any unwanted external excitation will af-
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fect the two secondary coils at the same manner and therefore will be
nulled by the differential arrangement, while only the signal produced
by the magnetic markers placed over one of the two coils will be useful
for a non zero output voltage. The primary coil is a source of excitation

of the sensor.

Vout#0

Figure 5-2 Working principle of the planar differential transformer.

This approach allows a more flexible optimization of the device in
terms of sensitivity; in fact in the case in which the primary coil is cur-
rent driven and the secondary coil has an infinite impedance, the open
circuit voltage at the secondary coil, if expressed in terms of the current
applied to the primary winding, is proportional to the product of the
number of turns of the primary and the secondary coils as reported in

Equation 5.1.

2R, + R, di,
§ =N, AL AL\J? dt
|7 (2= )+ e (1- ) o

Where N; and N, are the number of turns respectively of the prima-
ry and each secondary coils, R; and R, are the reluctances of primary

and secondary coils, i; is the current in the primary coil, AL is the dif-
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ference of inductance of the secondary coil over which the magnetic
beads are (such variation is due to the thickening of magnetic field), L)
1s the inductance value of the secondary coil over which the magnetic
beads are.

While the secondary coils can be subjected to more restrictive de-
sign constraints due to their sensing function, the primary coils has less
restrictions, therefore both the sensitivity requirements and the design
constraints can be more easily satisfied with respect to the single induc-
tor case, by proper designing the primary and secondary coils.

Furthermore, the approach presented here is intrinsically differen-
tial, thus allowing a better rejection of noise and interferences. It is
suitable for the integration in Si technology due to its simple and planar
geometry.

Moreover, it is not based on the direct estimation of the inductance,
resulting in a great simplification of the measurement strategy. In fact
the magnetic particles act as a moveable nucleus and the differential
output voltage at the secondary coils is directly related to the number
(or density) of magnetic particles. Therefore a high impedance detection
of the differential output voltage at the secondary coils is a simple but
good strategy to the detection of the magnetic particles.

Simulations were performed in ANSYS® software in order to verify
the change of the magnetic field density due to the presence of the mag-
netic particles on the active area of the differential device. The simu-
lated differential transformer is made up of two metal layers (Metal 1
and Metal 2) separated by a layer of silicon oxide. The primary winding
has been realized in the Metal 1 layer, while the Metal 2 layer has been

used to realize the secondary windings. A passivation layer covers the
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whole transformer. Figure 5-3 shows a schematics of the cross section of
the device: the primary and secondary centers are indicated by vertical

axis.

I | Active area
Metal 2 \ I | |< ] >
EEEE  EEpEE - @EEEE EEEER
TEOS
= emm e=m = == o= == o= = e e ==
/ Il : Il Substrate
Metal 1 : | :
Secondary axis ° I Primary axis : Secondary axis

Figure 5-3 Schematic of the cross-section along a radial direction.

The geometric characteristics of the simulated transformer are re-

ported in Table 5-1.

Table 5-1 Geometric characteristics of differential transformer.

Geometrical parameters Values
Metall thickness 0.5 um
Minimum track spacing and width for Metall 1 um
Oxide thickness Ium
Metal?2 thickness Ium

Minimum track spacing and width for Metal2 1.2 um

Passivation thickness 0.5 um

The magnetic beads in the sensing area of the active secondary coil
attract the magnetic flux lines and change the magnetic field distribu-

tion by creating a thickening zone, as shown in Figure 5-4.
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b)

Figure 5-4 Distribution of the magnetic field produced by the primary coil and
view of the secondary coils (top). Zoom of the area inside the active coil (the one
at the right in the top figure) both in absence -picture b) on the top side- and in

presence -picture b) in the bottom side- of magnetic beads.

Simulations have been performed to determine the influence of the
different device parameters (as number of rings, separation between
rings, active surface dimension, position of secondary centre, etc) on the

Sensor response.
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Table 5-2 Optimized inductive microsensor parameters.

Turns number 13
Track width 2.5 um
Primary coil )

Spacing 1 um

Inner radius 9 um

Turns number 5
Track width 1.2 um

Secondary coil Spacing 1.2 um
Inner radius < 3 um

Centers position £18 um

Radius of the active area 3.6 um

Layouts of the differential inductive sensor were designed starting
from the simulation results; test devices were realized using the dedi-

cated technology developed in cooperation with the STMicroelectronics

of Catania (Italy) and shown in Figure 5-5.
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Figure 5-5 The dedicated technology used to realize the differential inductive

sensor.
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Experimental measurements were performed in order to validate
the working principle of the realized devices. Several concentration of
magnetic particles were deposited on the active area of the secondary

coils; pictures of the depositions are reported in Figure 5-6.

Figure 5-6 Pictures of the active secondary coil with different deposition of

magnetic particles: a) quantity Q1; b) quantity Q2=2*Q1 and c) quantity
Q3=10*Q1.

Results are shown in Figure 5-7, where it is evincible as the sensor
output depends on the amount of magnetic particles deposited in the ac-
tive area. For each amount of magnetic particles twenty sets of meas-
ures were performed; Figure 5-7 shows the output voltage obtained dur-
ing the measurement: lines represent the mean value related to a set of
measure, while each blue circle represents a single acquisition of the
sensor output voltage without deposited magnetic particles.

The mean value of the output voltage as function of the amount of

the magnetic particles is shown in Figure 5-8.
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Figure 5-7 Sensor output voltage with different amount of deposited magnetic

particles.
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Figure 5-8 Mean value of the sensor output as function of the magnetic par-

ticles amount.
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5.2. A multi-sensing structure for inertial measurements

The second example is a structure in which ferrofluids are used both as
inertial mass in the sensing devices and as valves and plungers in the
fluidic system; it can be schematized as in Figure 5-9.

The system is made by several chambers, each of which contains a
an inertial sensor (such as a gyroscope, a displacement sensor, an acce-
leration sensor), a pipe filled with a liquid, and several rooms of rest for
the ferrofluid masses. The sensors in the chambers utilize a ferrofluid
mass as 1lnertial mass; to avoid adhesions between the mass and the
faces of the chambers, the masses of the sensors are removed from the
active area and are kept in the primary room of rest. A dedicated actua-
tion system moves the mass from this room to a chamber depending on
the kind of measures to perform. After the measures, the mass returns
to its steady position in the room of rest.

Moreover, making several rooms of rest it is possible to move differ-
ent amounts of ferrofluid masses in the sensor chamber; the response of
a ferrofluid sensor depends on the amount of the ferrofluid mass used as
inertial mass; changing the ferrofluid quantity it is possible to adapt the
sensor parameters, as resolution, sensitivity and operative range, to the
particular case in exam.

When a sensor is not used, its open is closed by a ferrofluid mass
acting as a valve, as shown in Figure 5-9, where only the Sensor 3 is
working. In fact, when a sensor has to be used an actuation system
moves the mass in the relative secondary room of rest, making free the
access of the sensor to the ferrofluid that will act as the inertial mass of

the sensor. After the measurement, when the working sensor has to be
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switched off, the active mass is moved in the primary room and the

access is closed by the mass stored in the relative secondary room.

Chamber

Ferrofluid

valve
L ~~

Secondary
room of rest

-IIL/ Primary room of rest
1

Figure 5-9 Schematization of the multi-sensing structure.

The multi-sensing structure shown in this section presents all the

advantages related to the use of ferrofluid as inertial mass and, in addi-

tion, it can be used to make different measures using the same mass of

ferrofluid and the same actuation system, reducing in this way the cost

of realization. Moreover, scaling down the size of the sensors, it is possi-

ble to realize a portable structure to use, for example, in hostile envi-

ronments.



Conclusions

An important field of research for modern scientists is the study and
realization of innovative materials and sensing strategies in order to
realize devices with high performances and tunable characteristics.

In addition, the possibility to integrate in the same chip several sec-
tions each one implementing different basic operations, allows to con-
ceive single device performing a complex process of measure.

This Thesis points out to the potentiality of magnetic fluids to real-
1ze the several constitutive parts of an integrated structure. In fact, fer-
rofluids can be successfully used both in sensors and in actuation sys-
tem, as demonstrated in this work.

The use of a ferrofluid mass as inertial mass in the developed sen-
sors gives the possibility to control the device specifications through ap-

posite magnetic fields generated by permanent magnets or electromag-
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nets. In addition, other advantages are related to the use of ferrofluids:
low cost, decoupling between the device structure and the readout sys-
tem, the robustness against mechanical shock are only some of the cha-
racteristics of the ferrofluid sensors.

In Chapter 3 developed sensors have been shown, together with the
theoretical model and the experimental characterization.

Magnetic fluids can be also used to implement a fluidic system
made by valves and plungers, controlled by suitable magnetic fields. In
Chapter 4 actuation systems able to control ferrofluid mass in order to
open/close channels, to move fluids from an inlet tank to an outlet tank,
or able to control the mass movement along a pre-defined path, are re-
ported together with the experimental results.

All the proposed methodologies are realization and characterization
of laboratory prototypes.

As final effort, in Chapter 5 the convergence of all the concepts de-
veloped in the area of both sensors and actuators toward the implemen-
tation of two complex structures, in which ferrofluids are used at the
same time as core component in the sensing part and in the fluidic part,
have been discussed. Two specific applications have been addressed: a

multi-sensorial system and a device for biomedical applications.
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