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Abstract

In a close future micro-scaled untethered robots might be able to access
small spaces inside the human body, currently reachable only by using inva-
sive surgical methods, thus revolutionizing future medicine. The aim of this
Master Thesis work is to study and develop a system that can exploit static
magnetic fields and gradients to steer purpose-developed microrobots.

A concept of the device for the generation of magnetic fields is first elabo-
rated, moving from the state-of-art systems based on Helmholtz and Maxwell
coils, which can generate, respectively, nearly uniform magnetic fields and
gradients. A uniform magnetic field can be used to orient a magnetic or
magnetisable object, aligning it with the direction of the field, while a uni-
form magnetic gradient can be used to shift such an object. The developed
system is formed by two coils in the Maxwell geometrical configuration and
independently powered in order to generate a uniform magnetic gradient, a
quasi-uniform magnetic field or a superimposition of the two, reducing the
overall complexity of the hardware with respect to the systems also employing
Helmholtz coils. An analytical model of the on-axis magnetic field generated
by the device and a finite element model of the field in the workspace are
developed. Three microrobot prototypes are then considered: a millimetre-
sized NdFeB cylindrical permanent magnet, which allows to test the maxi-
mum performances of the developed device, a polymeric microbead, which is
more compatible with biomedical applications but less reactive to magnetic
fields than a permanent magnet, and a polymeric nanofilm, which allows
to test the steering of very anisotropic shapes, both containing iron oxide
nanoparticles. Models of their interaction with magnetic fields are presented.
Furthermore, a model of the motion of the three prototypes employing the
developed magnetic device is presented.

The experimental set up is described, including the two coils and their
support backing, the monitoring and powering circuitry and a software kit
containing four graphical user interfaces for the calibration and validation of
the system.

After a set of trials performed for the calibration of the magnetic-field-
generating device, the system is tested in steering the microrobot prototypes.
The extrapolated data are compared to the behaviours predicted by the
magnetic motion models.

The abilities of the magnetic steering system and its main limits are
finally examined, suggesting possible improvements of both the magnetic
device and the microrobots in order to enhance their control and manipula-
tion. In particular indications for developing the next-generation of wireless
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magnetically-actuated microrobots and the relative steering systems are ex-
trapolated.
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Chapter 1

Introduction

Since the 1980’s, medicine has seen a dramatic shift from the open surgery,
consisting in the direct access of the surgeon hands and tools in the oper-
ative area assisted by his eye-vision, towards the use of minimally invasive
procedures. Actually, minimally invasive interventions are rapidly replacing
invasive surgical procedures for the most prevalent human disease condi-
tions [30].

The three greatest killers in the developed world are heart disease, can-
cer, and stroke or neurovascular disease, with the last being the greatest
cause of disability. After drug treatment, the primary interventional ther-
apy for vascular diseases and an important treatment modality for cancer
are endovascular image-guided interventions, which generally involve the in-
sertion of a catheter into the femoral artery, which is then threaded under
fluoroscopic guidance through the vasculature to the site of the pathology
to be treated. Since minimally invasive endovascular procedures are rapidly
replacing many invasive surgical procedures, it would appear to make sense
that this trend would continue and be combined with advances in miniatur-
ization. Endovascular devices will thus become finer, more patient-specific,
more biocompatible, and more complex with the beginning of remotely ac-
tuated active components [30].

The initial development of remote actuation is currently happening, for
example in the field of electrophysiology treatment, using remote actuating
ablation catheters. To assist catheter steering and navigation, two com-
mercial systems have been developed. Sensei™ (Hansen Medical, Mountain-
View,CA) is a robotic catheter control system that realizes catheter navi-
gation by two steerable sheathes incorporating an ablation catheter. The
outer and the inner sheath are both manipulated via a pull-wire mecha-
nism by a sheath carrying robotic arm that is fixed at the patient’s ta-
ble. The robot arm obeys the commands of the central workstation posi-
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tioned in the control room. Catheter navigation is realized using a three-
dimensional joystick and allows a broad range of motion in virtually any
direction. Niobe®)(Stereotaxis, St.Louis, MO) realizes magnetic navigation
using a special magnetic catheter. In this system, a low-intensity magnetic
field (0.08 T) is applied to the patient by two permanent magnets placed
on the sides of patient table. A special mapping catheter containing three
inner magnets is precisely navigated inside the magnetic field by changing
the orientation of the field, since the magnetic catheter must align parallel
to the applied magnetic field. Both Sensei’™and Niobe®systems provide
for remote manipulation of the catheter, thus reducing the exposure to the
radiation of fluoroscopy for the interventionalists. However, the cost of such
systems could be a prohibitive factor in their utilization [31], [14]. More-
over, external magnetic fields are being proposed in the neurovascular area
for guiding the accurate deployment of stents for treatment of aneurysms.
The use of the existing magnetic field in MRI systems is being reported for
steering catheters, too [30].

Intellisense

(a) Sensei™ (b) Niobe®

Figure 1.1: Catheter navigation systems

A further step in the evolution of minimally invasive endovascular ap-
plications may come from a new generation of miniaturized remote wireless
controlled devices. As a matter of fact, thanks to the recent development
of micro- and nano-technologies, medical procedures are evolving towards
extremely targeted, localized and high precision endovascular surgery tech-
niques performed by robotic objects even smaller than those previously de-
scribed. In many cases, an untethered implementation is suitable in order
to reach peculiar operative areas, such as the cardiovascular or the neural
system, reducing at the same time the risks of encumbrance of blood vessels
and tissue damages caused by the friction of a tethered wire, especially for
complex pathways. In this framework, the design of the device starts from
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the selection and fabrication of micro and nano objects able to be remotely
manoeuvred and steered in small districts where they can release drugs or
perform therapeutic treatments. Examples of micro-fabricated prototypes
and bio-inspired microrobots are reported in the following paragraphs. More-
over the selection of proper propulsion strategy is required, in order to control
the device position and motion with micrometric precision and to overcome
limitations due to the environment and the forces involved at the micrometer
scale. In this chapter main issues concerning passive, crawling and swimming
robots are thus described.

1.1 Microrobotics and medicine

New surgical tools, capable of precise entering the human body through natu-
ral orifices or very small incisions and performing diagnostic and therapeutic
procedures, are under development or at the research level. Although ini-
tially these devices would not be capable of performing tasks at a level of
complexity equivalent to catheters, because of the limitations of on-board
energy storage, reliability of miniaturized actuators and maximum forces
which can be exerted, they could be useful for reaching remote sites, which
are presently inaccessible to the existing tools. The first feasible simple tasks
could include:

e diagnostic procedures;

highly localized drug delivery;

thermal treatment of tumours at selected sites;

on-site delivery of magnetic resonance imaging (MRI) contrast agents;

on-site delivery of carriers for biosensing applications;
e tissue cut off and reparation.

The procedures these devices will enable will not only result in even less
trauma to the patient and faster recovery times, but will also enable new
therapies that have yet been conceived [25], [21], [27].

The miniature devices are robotic systems with size ranging from mi-
crometers up to millimetres and are thus called “microrobots”. Microrobotics
can be defined as the field that includes the design and fabrication of these
robotic objects. But it is not simply about making traditional robots smaller.
If robotics is often described as an interdisciplinary topic, microrobotics takes
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this to another level: to work in microrobotics an understanding of many ad-
ditional topics in physics, material science, and biology are needed [1].

The development of these novel miniature medical devices presents, in
fact, a great deal of interesting and challenging topics, mainly concerning
their control, propulsion and power-supply. When such microdevices are
propelled, for example, in the body fluids, especially in the blood circula-
tory system, a very large number of remote locations in the human body
become accessible. However, since the diameters of the blood vessels in the
human body may vary from approximately 25 mm of the aorta down to 0.006-
0.010 mm of capillaries, it is obvious that propelling wireless microrobots in
such an environment with existing technologies represents a great technical
challenge [21].

1.1.1 Propulsion techniques

Microrobots operate in the microscopic worldwhich is governed by the same
physical laws as the macroscopic world, but in which the relative importance
of the physical laws changes; this phenomena is due to the different scaling
of physical effects with the typical dimensions of the objects subjected to
these physical stimuli. Hence, talking about the scaling, we refer to some
characteristic length L of the device of interest; we then assume that all
dimensions scale linearly proportional to L. Thus, as we scale a device, its
volume scales as L3, while its surface area scales as L. Volume is associated
with inertia, weight, heat capacity, and body forces, while surface area is
associated with friction, heat transfer, and surface forces. It is the balance
between volume and surface effects that leads to many of the scaling issues
important in microrobotics.

Because of the scaling of physical effects, microrobots’ world seems ex-
traneous to our common way of thinking and needs non-traditional motion
and propulsion strategies. Moreover, in the microscopic range, even tra-
ditional actuators and power-supply devices become unusable, caus to their
size. In particular, whereas micro-fabrication technologies have accomplished
the miniaturization of structural and electronic components, a corresponding
breakthrough in energy storage is not been achieved. Therefore propulsion
and power-supply are two of the main challenges in microrobotics and, conse-
quently, novel technologies must be considered in the design of sub-millimetre
sized robots [1].
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Passive microrobots

The simplest type of microrobot is passive. This kind of robot does not
contain controlled form of locomotion and simply moves as its environment
dictates. A miniature medical device, for example, could be passively carried
to the site of operations by means of the blood flow.

Although, designing robots at true micro scales, passive microrobots may
be some of the most feasible, since they require no actuators (at least not
for locomotion), and consequently have also minimal power requirements [1],
their actual application in medicine is not so easy. Although its apparent
simplicity, in fact, there are a number of requirements for this method of
propulsion to be practical [29]:

e the users must be able to navigate the bloodstream;

e it would be difficult to remain at the site without some means of main-
taining position, either by means of an anchoring technique, or by ac-
tively moving against the current;

e since a method of propulsion should allow such a device to navigate
through the cardiovascular system steering independently from the di-
rection of the blood flow, the use of the normal blood flow itself can be
considered only as a complementary means of propulsion, exploitable
only when the travel path is in its direction.

The above objections do not eliminate any possibility of using this tech-
nique, but they emphasize the need for at least a supplementary means of
locomotion. As such, it is essential to develop active means of propulsion for
microrobots [21].

Crawling microrobots

In this context, some groups proposed active mechanisms thanks to which mi-
crorobots can crawl along the surface of the blood vessels [29]. But crawling
microrobots require quite complex propulsion mechanisms, and it is diffi-
cult to fabricate and power micro-scale actuators needed for crawling. One
proposed solution is to grow muscle cells directly on microrobots [1].

Swimming microrobots

Thinking of a medical application in body fluids, swimming has been the
focus of a great deal of microrobot research. Swimming typically refers to
movement in a liquid through body deformations, but the term will be used
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more loosely here to refer to any locomotion through a liquid environment [1].
Several means of propulsion embedded onto swimming microrobots was pro-
posed and include the use of propellers, electromagnetic and jet pumps and
membrane propulsion [29]. However, always thinking to medical applica-
tions, because of space constraints when operating in the cardiovascular sys-
tem and the amount of torque required for propulsion against the blood flow,
embedding a propulsion mechanism is not only a major task, but if feasible,
it would restrict significantly the amount of volume available within such
microdevices to embed MIS-based functionality [21|. Thus, researchers have
proposed numerous innovative microrobotic swimming methods, many bioin-
spired (e.g. flagellar swimming), with the vast majority utilizing magnetic
fields to wirelessly power and control the microrobot [1]. These magnetic-
swimming microrobots are described in details in section 1.3.

1.2 Lessons from nature

Nature has plenty of teachings to give, especially regarding microrobots de-
sign. Microorganisms, in fact, are proofs that systems working in the micro-
scopic domain can exhibit amazing levels of functionality [1].

Just as most microorganisms live in fluid environments, and considering
the design of robots having about the same size of microorganisms and acting
in a similar environment, some remarks and problems regarding the swim-
ming of microorganisms are here presented. Moreover, bacteria that make
use of magnetic fields to orientate are described. Finally, the bioinspired ap-
proach to robotic, which enables to exploit this biological knowledge in the
design of microrobot, is presented.

1.2.1 Swimming at low Reynolds number

First of all, some issues relative to fluid mechanics in the micro-scales need
to presented.

The Navier-Stokes equations, when combined with appropriate boundary
conditions, completely define a fluid’s velocity in space and time. For an
incompressible fluid with constant viscosity, they are given by the vector
equation

dv .
(1.1) por = —Vp+ v

where V is the velocity vector field, p is the hydrodynamic pressure scalar
field, and p and p are the fluid’s constant density and dynamic viscosity,
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respectively. If we substitute the following non-dimensional variables

xXr

(1.2) 7= L

sV

(1.3) V=1
(1.4) i— tZ;
(1.5) =y

where x is a Cartesian coordinate variable, V is the magnitude of the free-
stream velocity, and L is a characteristic length of the object of interest, we
arrive at the non-dimensional Navier-Stokes equations [1]

VN AV - 2
1.6 AN\ P i
(1.6) ( p )dt P

From this equation, we discover the Reynolds number, which is the dimen-
sionless quantity that embodies the interaction between a fluid’s inertia and
viscosity as it flows around an object:

_ PVl Vil

==

(1.7) Re

where v is the kinematic viscosity; for water its value is v ~ 1 x 10”5 m?2s~ .

The Reynolds number represents the ratio of the inertial forces to the viscous
forces and when the number is small the viscous forces dominates. At low
Re, we are in a world that is either very viscous, very slow, or very small.
Low-Re flow around a body is referred to as creeping flow or Stokes’ flow.
We no longer see a transition to turbulence, even behind bluff bodies [3].

Now consider things that move through a liquid. The Reynolds number
for a man swimming in water might be 104, if we put in reasonable dimen-
sions; for a small fish it might get down to 102. For microorganisms it is
about 1 x 107 or 1 x 107°. Thus, for these animals inertia is totally irrele-
vant. In other words, if you are at very low Reynolds number, what you are
doing at the moment is entirely determined by the forces that are exerted on
you at the moment, and by nothing in the past [28]. At low Re, in fact, the
role of time becomes negligible; thus, the flow pattern does not change ap-
preciably whether it is slow or fast, and the flow is reversible. Consequently,
reciprocal motion (i.e., body motion that simply goes back and forth between
two configurations) results in negligible net movement [3].
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1.2.2 Microorganisms’ swimming techniques

Microorganisms are able to swim at low Reynolds number using a variety
of techniques, none of which look like macro-scale swimmers. The most

(b) eukaryotic flagella

Y000

) bacterial flagella

Figure 1.2: Microorganisms’ swimming techniques

widespread microorganisms’ swimming techniques are based on the three
following specific organelles:

e cilia: active organelles that are held perpendicular to the flow during
the power stroke and parallel to the flow during the recovery stroke;
many cilia are used simultaneously (Fig. 1.2a);

e cukaryotic flagella: active organelles that deform to create paddling mo-
tions, such as traveling waves or circular translating movements (Fig. 1.2b);

e bacterial (prokaryotic) flagella: they work differently than eukaryotic
flagella, by using a molecular motor to turn the base of a passive flag-
ellum 1.2¢; some bacteria have multiple flagella that bundle during
swimming.

All the swimming methods utilized by microorganisms capitalize on the
difference in drag on a slender body normal and parallel to the slender direc-
tion as it is pulled through fluid. But all of the methods are fairly inefficient,
which is not a problem because microorganisms’ source of energy (food) is
so plentifull |2].
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1.2.3 Magneto-tactic bacteria

Many organisms have been known for a long time to sense the earth’s mag-
netic field. Certain bacteria are also geo-magnetically sensitive. Magneto-
tactic bacteria (or MTB) are a class of bacteria that exhibit the ability to
orient themselves along the magnetic field lines of Earth’s magnetic field.
The biological phenomenon of magneto-taxis, which is an instance of mag-
netoception, denotes cell motility directed by a magnetic field. The term
“taxis” implies that the magnetic field influences the swimming direction but
not the absolute velocity of magneto-tactic cells.

These bacteria synthesize intracellular enveloped magnetic grains; these
organelles are termed magnetosomes and contain magnetic crystals. Each
cell behaves as though it contains a single magnetic dipole. A cell with the
axis of its magnetic moment positioned at a certain angle with respect to the
direction of the ambient magnetic field experiences a torque tending to align
it in the field direction. Once aligned, no further magnetic forces are exerted
on the cell in a uniform magnetic field like the geo-magnetic field. Thus,
magneto-tactic bacteria are not pulled northward or southward by magnetic
interactions; rather they are merely aligned in the external magnetic field [5].

1.2.4 Bio-inspiration

Microrobots, like microorganisms, live and swim in a low-Reynolds-number
regime, thus requiring non-traditional solutions, with respect to propulsion
issues, that can be inspired by nature-implemented solutions.

This bio-inspired approach to robotics consists of analyzing and under-
standing how biological systems work and in taking inspiration from such
knowledge to design new and better robotic systems. In other words, it
involves identifying the systems responsible for producing the desired char-
acteristic, extracting the key principles underlying their biological function
and translating them to a technological solution. Consequently, it is not
sufficient to simply copy nature, but rather carefully choose a biological be-
haviour of focus, and extract the underlying principle at a level of description
that is actually possible to implement.

In the next section various solutions adopted in the propulsion of mi-
crorobots in liquid environment based on wireless magnetic actuation are
described. The effectiveness of bio-inspired approaches is also highlighted.



CHAPTER 1. INTRODUCTION 10

1.3 Magnetic-swimming microrobots

Although electronic and mechanical systems have been miniaturized by VLSI
and MEMS technologies, no counterpart to these exists for electro-chemical
energy storage. Additionally, actuators that can be used for actuation or
propulsion of integrated microsystems are also lacking [37], [9]. Miniature
on-board power sources are one of the most significant bottlenecks of minia-
ture robots. Current miniature batteries continue to get smaller, more flexi-
ble, and lighter, but due to the scaling laws they deliver low power at small
sizes. Micro fuel cells, MEMS-based silicon solar cells, supercapacitors, mi-
crobatteries, and radioactive thin films have been proposed as possible on-
board power sources. But, still there is no feasible on-board power source for
millimetre-scale or very light (less than one gram) robots [33].

Currently, the only viable option for actuating and steering a real micro-
scaled robot is external energy transfer. The use of magnetic fields generated
ex-vivo for energy transfer and propulsion can provide a solution to this
problem. The magnetic wireless approach allows facing at the same time all
the main challenging topics in microrobotics. By means of the same magnetic
fields and gradients, in fact, we can control, propel and supply of power an
untethered swimming microrobot.

1.3.1 Magnetic steering devices

From early times, the fascination of magnetism has inspired efforts to apply
it to medicine. Magnetism alone is capable of exerting appreciable forces at
quite remarkable distances, independently to intervening materials, and very
likely was this that promoted people to search for ways to apply it usefully
inside the human body. Furthermore, the device inside the body can be quite
small and simple, and, within limits, one does not care about the complexity
and power efficiency of the equipment inside the body [11].

Magnetic fields have a long history of being used to manipulate magnetic
devices in the body; for examples, the extraction of ferromagnetic material
from the human body by external magnets or purpose-designed electromag-
nets has been used since World War I (extraction of grenade splinters) [11].

In [35] we already find a first tentative to steer magnets in blood vessels.

Here some examples of device for the generation of controlled static and
dynamic magnetic fields recently employed for steering microrobots or mi-
crodevices are described.
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Static fields

Remote magnetic propulsion can be achieved with static magnetic fields and
gradients that produce, respectively, torques and displacement forces on mag-
netic devices [19], [22], [37]. These magnetic fields and gradients can be gen-
erated by purpose-developed devices [37] or by MRI system [22], [21] or by
Stereotaxis systems [6], to exert actions on a totally or partially magnetic,
ferromagnetic or soft-magnetic miniature untethered device that moves in
liquid environment.

The proposed purpose-developed devices for generating controlled mag-
netic fields and gradients consist of electromagnets spatial configurations.
An important issue related to the control of a magnetic microrobot is the
nonlinear nature of the field and gradients that are created by electromag-
net coils. The field from a coil along its axis is roughly proportional to the
inverse cube of the distance to the coil. Hence, the torque and force on a
magnetic object, which are proportional to the magnetic field and gradient
strengths respectively, scales down in even a worse way. One way of re-
ducing the effect of such nonlinearities is to create uniform magnetic fields
and field gradients using various coil configurations. For example, Helmholtz
and Maxwell configurations are adopted in most state-of-art devices. The
Helmholtz coil configuration consists of two identical coils that are placed on
the same axis and separated by a distance equal to the radius of the coils.
This arrangement generates a uniform field close to the centre of the coil pair
when current passes in the same direction and with the same intensity in both
coils. Similarly, the Maxwell coil configuration can generate a uniform gradi-
ent near the centre when the coils are separated by the square root of three
times the radius and the current passes in the opposite direction [37]. The
Helmholtz and Maxwell coils, the characteristics of fields that they generate,
and their employment in a magnetic steering system are described in details
in chapter 2. Both of these coils are commonly used in MRI systems, as well.
Examples of devices using Helmholtz and Maxwell coils for generating con-
trolled static magnetic fields and gradients for steering simple microrobots
are shown in Fig. 1.3.

Dynamic fields

Other methods of propulsion use rotating or oscillating magnetic fields to
induce motions in the object to propel through liquid environment [32], [18|.

In [4] and in [38] the rotating field needed for actuating a nanocoil-shaped
microrobot, inspired by bacterial flagella, is generated by superimposing si-
nusoidal fields to a homogeneous field, which is desirable in order to avoid
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Figure 1.3: Purpose-developed devices for magnetic steering by static fields

translational magnetic forces from field gradients. For precise control of the
motion of the device, the authors reported the employment of a setup that
consists of three pairs of orthogonal electromagnetic Helmholtz coils. With
this setup a uniform field that rotates around any direction in space is gen-
erated. Moreover, the use of Helmholtz coils allows an improvement in the
homogeneity of the field, so that any translational magnetic forces are mini-
mized. This device is shown in Fig. 1.4.

== == optical
middle coil ._ microscope
- lens
outer coil gy e reservoir
s B
“ inner coil

Figure 1.4: Device for generatic dynamic magnetic fields

In [34], as well, a magnetic microrobot with an elastic tail inspired to
eukaryotic flagella is actuated by an alternating magnetic field generated by
applying an AC voltage to an Helmholtz coil.

1.3.2 Magnetic-swimming methods

A number of robotic swimming methods have been shown to work at rel-
atively small scales, but will have reduced effectiveness as size decreases
to the microscale because they make use of reciprocating configurations.
Other bio-mimetic swimming methods utilize physics that scale well to the
microscale but require mechatronic components that present challenges in
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micro-fabrication and wireless power and control. Several microrobots are
inspired by nature and also utilize techniques that facilitate micro-fabrication
and wireless power and control. Nearly every one utilizes magnetic fields. No
other actuation principle offers the ability to transfer such large amounts of
power wirelessly [3].

FElastic tails

Artificial eukaryotic flagella use distributed actuation to create a propagating
wave. The need for distributed actuation can be somewhat overcome using
a reciprocating magnetic field to generate propagating-wave-like motion in a
flagellum [3]. This principle has already been proposed in [12] for actuating
a magnetic catheter. Recently it has been demonstrated at the micro-scale,
as well.

In [10], a flexible micro-filament, inspired by eukaryotic flagella, aligns
with an external uniform magnetic field and is readily actuated by oscil-
lating a transverse field. The homogeneous static field imposes a straight
configuration to the filament, thus controlling the direction of motion; in
addition, by means of the sinusoidal field with an adjustable frequency, ap-
plied in the direction perpendicular to the static field, the velocity can be
controlled, as well.

Dibiotin ds-DNA (315 bp) Streptavidin magnetic particles

Figure 1.5: Microrobot described in [10]

The elastic tail propulsion method has also been demonstrated for few-
millimetres-sized robots. In [34], a magnetic swimming mechanism (magnetic
robot) is composed of a permanent ring magnet (annular neodymium mag-
net) and a PET filmy tail. The magnetic swimming robot is shown in Fig. 1.6.
In the alternating magnetic field, the permanent magnet shows a rotational
oscillation that induces a bending motion on the robot tail. During bending
motions of the tail film, the robot tail presses backwards against the fluid
and this pushes the robot forwards. The robot motion principle is shown in
Fig. 1.6.

The same motion principle is applied also in [15] at a robot composed of
a streamlined main body, made of wooden and styrol materials, containing
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(a) robot (b) working principle

Figure 1.6: Microrobot described in [34] and working principle

a small permanent magnet and of a fin consisting of a polyimide film sheet.
The robot is shown in Fig. 1.7.

Film Sheet lZSﬂm
Styrol Material Thickness

Ligneous NdFeB Magnet
Material O AmmX2mm

Figure 1.7: Microrobot described in [15]

Helical propellers

There is a great deal of interest in microrobot swimming using helical pro-
pellers that mimic bacterial flagella, as well. Helical propellers, in fact, can
consist of a rigid structure , removing the need for the distributed actuation
needed by elastic tails [3].

Swimming with helical propellers has been demonstrated for few-millimetres-
sized robots. In [17] a swimming mechanism, composed of a small magnet
attached to a spiral wire, is proposed. The mechanism swims propelled by
waves travelling along the spiral. These waves are generated by the rotation
of the magnet caused by an external alternating magnetic field, due to mag-
netic torque. The swimming velocity is demonstrated to increase linearly
with increasing excitation frequency, and the increasing rate to depend on
the shape of the spiral.
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SmCo magnet Wire diameter: 2a
(1 mmx1 mmX1 rnm) Total wire length: L

Figure 1.8: Microrobot described in [17]

Recently, the possibility to fabricate helical propellers at the microscale
has been demonstrated. In [4] and in [38] a propulsion system for microrobots
with similar size and motion as bacterial flagella is demonstrated. It consists
of a micro-fabricated magnetic nanocoil actuated by electromagnetic fields.
The magnetic torque for rotation is generated by the thin magnetic plate at-
tempting to align with the applied field. For forward and backward motion
the artificial bacterial flagella acts as a helical propeller to convert rotary
motion to linear motion, thus forward and backward motion are switched by
reversing the rotation direction. In contrast to reversing motion by turning
the swimmer, which is the method used by bacteria and by other microscopic
artificial swimmers [10], reversing the rotation direction is a more straight-
forward and time-efficient method.

<« AN\
Figure 1.9: Microrobot described in [38]

Pulling with field gradients

The last method of wireless magnetic swimming that we consider is simply
pulling a rigid object through fluid using magnetic field gradients. Pulling
magnetic objects with field gradients is not a bio-inspired swimming method,
since a controllable external pulling source is not available to microorgan-
isms. Furthermore, although this is a valid method to actively move through
fluid, it is not technically “swimming” since it does not use the fluid to assist
the propulsion [3]. However, static homogeneous magnetic fields and field
gradients can be employed to apply respectively torques and forces to un-
tethered microrobots. This greatly simplifies fabrication of microrobots since
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no micro-actuator or special structure is needed for propulsion [37].

AH

Figure 1.10: Pulling propulsion principle

This simple motion principle, schematically represented in Fig. 1.10, has
been demonstrated in various works, employing both modified MRI sys-
tems [20], [21] and purpose-developed devices [37], [8], |7], to actuate small
permanent magnets or soft-magnetic objects.

It is reasonable to wonder if this form of propulsion, which could not
have evolved through natural selection, might outperform bio-mimetic meth-
ods. In [3], the authors compare this propulsion method with the two pre-
viously described bio-inspired methods of microrobot swimming (using mag-
netic fields to rotate helical propellers that mimic bacterial flagella, using
magnetic fields to oscillate a magnetic head with a rigidly attached elastic
tail that mimic eukaryotic flagella) considering practical hardware limita-
tions in the generation of magnetic fields. They find that gradient pulling
generally become less desirable than helical propellers and elastic tails, which
have very comparable performance, as size decreases and as distance from
the magnetic-field-generation source increases.

1.4 Aim of the Master Thesis work

As seen above, static homogeneous magnetic fields and field gradients are
currently employed only for pulling rigid magnetic or magnetisable objects.
Since pulling is considered the worst method of propulsion, if compared to
bio-inspired methods that make use of dynamic magnetic fields, the reader
could automatically resolve that the employment of static fields is less de-
sirable than that of dynamic fields. But this conclusion is not so granted.
While the methods of propulsion based on dynamic fields, in fact, make
use of bio-inspired purpose-developed microrobots designed to exploit the
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characteristics of the applied field in a full-blown “swimming” method, no
bio-inspired microrobots have been designed and developed for specifically
exploiting the characteristics of static magnetic fields and gradients.

Hence, the aim of this Master Thesis work is to study and develop a sys-
tem that can exploit static magnetic fields and gradients to steer purpose-
developed microrobots. In order to achieve this objective, first a magnetic-
field-generating device similar to the state-of-art systems is designed and
developed. Subsequently the actuation of a set of magnetic and magnetis-
able millimetre-sized objects with the developed device is tested, in order to
obtain some information on which characteristics are desirable in the design
of microrobot for this application.

The present work can be thus considered the preliminary stage of a more
complex pathway towards the effective definition of innovative propulsion
methods based on static magnetic fields and the design and development of
microrobots well suited for this application. Moreover, the developed device
for the generation of controlled magnetic fields is a modular platform that
will be useful for future testing this new generation of microrobots.



Chapter 2

Modelling a magnetic
steering system

In this Master Thesis work the wireless propulsion method based on static
magnetic fields and gradients, also known as “pulling”, is analysed in detail,
in order to evaluate its effective limits and potentialities as part of a mag-
netic steering system for microrobots. Such a system, in fact, does not only
consist of a device that generates magnetic fields: the microrobot that has
to be propelled is an integral part of the system, too. For this considera-
tion, studying and developing a magnetic steering system for microrobots
means studying and developing a complex system composed of these two
components working in full synergy.

In particular, the magnetic fields generating device and the microrobot
have to be designed together, allowing that each component could exploit
the main characteristics of the other.

In this chapter, the design of a device for the generation of controlled
magnetic fields is described. A model of the magnetic induction field gen-
erated by the device is thus presented. Furthermore, three different objects
with dimensions in the micrometers size are introduced. They are selected,
designed and modified in this work in order to evaluate the possibility to
use them as example of “microrobots” to be controlled with the proposed
magnetic fields generating device. Their interaction with external magnetic
fields is modelled and described. Finally, a model of the motion of the three
prototypes employing the developed magnetic device is presented.

18
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2.1 Model of the magnetic device

In this section the solution adopted in this work for designing a device for the
generation of controlled magnetic fields is presented. The device is first con-
ceived moving from the state-of-art systems based on Helmholtz and Maxwell
coils; then a model of the generated magnetic induction field is elaborated
and described.

2.1.1 Rationale

Analysing the state of art on magnetic actuation strategies, it is observed that
Helmholtz and Maxwell coils are employed in the most part of the magnetic
steering systems for microrobots.

The term “Helmholtz coil” refers to a device for producing a region of
nearly uniform magnetic field actually composed by a coil pair [37]. A
Helmbholtz pair consists of two identical circular coils that are placed symmet-
rically one on each side of the workspace along a common axis, and separated
by a distance L equal to the radius R of the coil. Each coil carries an equal
electrical current flowing in the same direction.

Figure 2.1: Helmholtz coil

This kind of device is employed in magnetic steering systems to generate
a nearly uniform magnetic field which can be used to orient a magnetic or
magnetisable object, aligning its magnetic dipole moment to the direction of
the field.
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The expression of the magnetic induction field along the axis of a Helmholtz
coil can be obtained superimposing the field generated by the two coils. The
amplitude of the on-axis magnetic induction field generated by a single wire
loop of radius R and in which flows a current I can be expressed as

/,L0[R2
(2.1) Bsingle loop(:B) = m

where x is the coordinate of the axis of the coil with origin in the centre of
the loop. The field generated by a coil with N loops can be approximated
multiplying the expression above by N and obtaining

. /L()N[RQ
(22) Bcoil (.73') = m

For a Helmholtz pair we obtain

0.6 b .............................................................
=
L A—
0.9 b .................................. %l
| B

993 0 0.5

Figure 2.2: On-axis field of a Helmholtz coil

poNIRG, po NI R
3/2 3/2
2 [R3 + (z — £)?]

23)  Bale)=3 (R + (x + £)?]

in which x is the coordinate of the common axis of the two coils, with origin
in the centre of the workspace, Ry is the radius of the coils and L the distance
between them, corresponding to the length of the workspace. Considering
that L = Ry and using the dimensionless spatial coordinate £ = x/L, the
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equation 2.3 can be simplified in

(24)  Bu(e) =L ! 4+ !

2Ry [1+(§+%)2}32

which, at the centre of the workspace, gives

8 uogNI
5V5 Rp
which represent the ideal constant value of the magnetic induction field gen-
erated by a Helmholtz coil. Thus, the on-axis field in the workspace of a
Helmholtz coil can also be expressed in the dimensionless form as

Bu (f) = Bg?(f)

(2.6) 5 X X

16 [1+(§+§)2r/2+ 1+ (6~

)2} 3/2
and represented in Fig 2.2.

The term “Maxwell coil” refers, instead, to a device for producing a region
of nearly uniform magnetic field gradient [37]. Similarly to the Helmholtz
pair, a Maxwell pair consists of two identical circular coils that are placed
symmetrically one on each side of the workspace along a common axis, but
separated by a distance L equal to the square root of three times the radius
R of the coil. Each coil carries an equal electrical current, here too, but
flowing in opposite directions.

This device is employed in magnetic steering systems to generate a nearly
uniform magnetic field gradient which can be used to pull a magnetic or
magnetisable object. As in the Helmholtz coil, the expression of the magnetic
induction field along the axis of a Maxwell coil can be obtained superimposing
the opposite fields generated by the two coils, and can be expressed as

poNIRY, poNIRY,
3/2 3/2
2R3, + (z+ £)?] 2 [R3, + (z — £)?]

(2.5) By = Bu( =0) =

N

which, considering the particular length value L = /3R, and using the
dimensionless spatial coordinate £ = /L, can be simplified in

- 2w [1+3(€+%)2]3/2 [1+3@—%frﬁ

(2.8)  Buy(§)
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o L=\3Ry R

Figure 2.3: Maxwell coil

This equation can be derived to obtain the on-axis magnetic induction field
gradient expressed by the following relation
(2.9)

dBun(€) _ 3V3 NI £+l B =
2
dx 2 Ry, |:1+3(€+%)2]5/2 [1+3(€_%)2}5/2

Note that, at the centre, the equations 2.8 and 2.9 give

(2.10) Bu(€=10)=0

(2.11) VB, = %(g =0) =

7

2 R} 49V T R

<4>33¢§ uoNT 48 [3 poNI

The ideal magnetic induction field generated by a Maxwell coil can thus be
expressed as

144 pogNIT
497 Ru

The dimensionless form of equations 2.8 and 2.12 can be calculated dividing
them by the maximum ideal value of the magnetic field, expressed by

, , 1 72 poNI
2.13 max (B%) = B ( — _> _ =
(2.13) (Bir) =By (€ =5 TN

(2.12) By (§) = VBy, - L§ = 3
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obtaining the following equations:

AT (S P\ Ly !

144 [1+3(5+%)2}

(2.15) wr() = 2¢
The on-axis field generated by a Maxwell coil is represented in Fig. 2.4
1 -

0.5F

—0.5¢

__10_5 0 0.5

§
Figure 2.4: On-axis field of a Maxwell coil

In the design stage of this work, the magnetic-field-generating device can
steer a microrobot in a one-dimensional workspace and it is constituted by
only two identical coils arranged in the Maxwell geometrical configuration
(distance between the coils equal to the square root of three times the radius
of the coils). As seen above, if supplied with the same current in opposite
directions, these two coils are able to generate a magnetic induction field
that present a nearly uniform gradient along their common axis, like that
seen in Fig. 2.4. This gradient itself could be sufficient to pull a magnetic
or magnetisable object (like the microrobot prototypes seen in the previous
section) backwards and forwards along one direction, but also presents the
following limitations:

e the alignment to the field of a permanent magnet that we obtain, if a
homogeneous aligning field is not present, is quite unstable;
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e when steering a microrobot containing super-paramagnetic nanoparti-
cles, if its centre of mass is in the exact centre of the workspace of the
device, no force acts on the microrobot, because the magnetic field in
its centre of mass, which is equal to the homogeneous aligning field, is
null.

For these reasons all the systems in literature are constituted of at least a
Helmholtz and a Maxwell coil, since that the Helmholtz coil generate a static
field which allows to resolve the previously described problems.

In this work an innovative solution is adopted: moving from the consid-
eration that two magnetic fields (like those generate by a Helmholtz and a
Maxwell coil) overlap linearly and that the magnetic field generated by a coil
is linearly related to the current flowing in it, it was thought to current-supply
each coil independently in order to obtain the resultant field of a Helmholtz
and a Maxwell coil simply superimposing the currents in the two coil which
constitutes the device. In this way, the benefits of this device are that con-
trolled overlapped fields and gradients can be generated with a single coils
pair, thus simplifying the hardware.

L= V3R

Figure 2.5: Concept of the device

The magnetic induction field along the axis of the coil generated by a
Maxwell pair in which the coils are supplied with the same current (this
current-supply mode is later on called “field mode”) is given by

1o NIR3, noNIR3,
3/2 3/2
2[R%, + (z+£)?] 2[R2, + (z — £)?]

(2.16) By () =
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which, considering L = V3R, and ¢ = 2/L, can be simplified in the following
relation

(2.17) BM,fm(g) = 2R\ |:1 43 (£ 4 %)2} 3/2 * |:1 +3 (5 —

)2} 3/2

N |+

which in turn gives at the centre of the system

0 8 poNI

(2.18) By pm = Bupm(§ = 0) = 7 R
Note that, fixing the size L of the workspace, the current I flowing in the
coils and the number of turns per coil N, the value of the magnetic induction
field generated at the centre of the workspace by a Maxwell pair current-
supplied in the “field mode” (eq. 2.18) is slightly higher than that generated
by a standard Helmholtz coil (eq. 2.5).

A dimensionless form of the expression of the magnetic induction field
can be obtained in this case, as well:

6M,fm (5) _ BM,fm(g)

BY fm
_ T 1 N 1
16 [1+3(§+%)2}3/Q [1+3(§—§)2}

(2.19)

3/2

With this hypothesis, even if its coils are supplied with currents with
the same intensity and the same direction like in a Helmholtz coil, the field
generated by a Maxwell coil cannot be considered uniform (see Fig. 2.6).

In fact, while the value of the maximum difference between the field at
the centre and that at the borders of the workspace in a Helmholtz coil,
obtained by the 2.4 formula, is less than 6%, in a Maxwell coil this difference
exceeds 30% of the centre value, as results by the formula 2.17. This fact,
which could be a limitation in an effective steering system, can be accepted
in a test platform like the one developed in this work.

2.1.2 Model

Here the analytical expressions of the on-axis magnetic induction field and
generated by a device constituted of two coils disposed in the Maxwell ge-
ometrical configuration and independently current-supplied, like the device
developed in this work, are presented and described.
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Figure 2.6: Nearly-uniform field generated by a Maxwell coil in “field mode”

The amplitude of the magnetic induction field along the common axis of
the coils in function of the flowing currents can be expressed as

_MON_ (A1 I (5
2R - 273/2 - 2
13+ [1+3(E-Y)]

where i; and iy are the signed generic currents flowing, respectively, in the
left (centred in z = —L/2) and in the right (centred in z = +L/2) coil. The
positive verse of the currents is given by the right-hand law.

Deriving equation 2.20, we can obtain the magnetic induction field gra-
dient along the axis of the coils in function of the currents, as expressed
by
(2.21)

dB(LE,’il, 22) . 3\/§,UON ) (% + %) ’il (

_ )i

I o] sy

(220) B(x, il, 22)

3/2

Il
N[ —=

3/2

At the centre of the workspace the equation 2.20 gives

~3/2 . .
L. ,U()N 7 . . 8 IU()NZl—i-’lQ
9.22 B _ ! _
(222) olin2) = 5p (4) (i +2) w7 R 2
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while the equation 2.21 gives

.. 3\/§MON 7 —5/2 1 . . 48 \/§,LLON ig — le
2.2 VB =— | - (i — o) = —4 /=
(2.23) olin, i2) 2R? (4) 2 (i =i2) 49V 7 R 2

Now, if we define the flowing currents as follows

(2.24) i ;ri? = I
(2.25) ‘2 ; n_ I,
which correspond to

(2.26) iw =1y —1,
(2.27) o =1Ir+1,

we obtain, from equations 2.22 and 2.23, the following expressions

2.28 B = By(I;) = —"—"—
(2:29) USRS IR -NELR

These two equations demonstrate that the magnetic induction field and its
gradient at the centre of the workspace of a magnetic device not employing
Helmbholtz coils like that developed in this work are actually independent and
independently controllable.

2.2 Models of microrobots

Three kinds of objects, which represent essential microrobot prototypes or
possible components of micro fabricated robots, are identified. The magnetic
characteristics of such objects can be modified, changing the parameters of
the fabrication process, the single materials or varying the final characteristic
sizes.

The three objects are a cylindrical permanent magnet with size of about
one millimetre, a polymeric microbead homogenously loaded with magnetic
micro particles and, finally, an ultrathin film with nanometric thickness con-
taining magnetic particles.
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The millimetre-sized permanent magnet is chosen and tested for first
cause it allows to test the maximum performances of the developed device,
since, fixing the volume, the magnetic dipole moment of a permanent magnet
is much higher than every other fabricated device. A polymeric microbead,
however, is more compatible with biomedical applications although less re-
active to magnetic fields than a permanent magnet; the tests on this kind
of device allows to evaluate the worsening of the steering performances with
respect to the permanent magnet. Finally, with the polymeric nanofilm, the
steering of very anisotropic shapes is evaluated.

In order to employ these objects as prototypes of microrobots propelled in
liquid environment, their fluid-dynamic behaviour and magnetic interaction
abilities are modelled and described in detail. In particular, the most impor-
tant parameter to be evaluated is the drag speed that the microrobots can

reach in a liquid environment, in function of the applied external magnetic
field.

2.2.1 Permanent magnets

When pulling a rigid magnetic object like a permanent magnet through
a Newtonian fluid, viscous fluid drag forces act on the object. The drag
force Fp [37] can be expressed as

ﬁ 1
(230) FD == —ECD,OfA’ﬂQ Xy

where p; is the density of the fluid, A is the cross-sectional area of the
object, |U] is the module of the relative velocity of the object with respect
to the fluid, v is its versor and Cp is the drag coefficient representing the
overall effect of the object’s geometry on the drag force. However, the drag
coefficient itself changes with the Reynolds number, Re. For a spherical or
near-spherical object in laminar flow regime (low Re) the drag coefficient can
be approximated as

24
2.31 = —
(2:31) Cp Re
where
(2.32) Re = 1%
Ky

where d = 2r is the diameter of the sphere and p¢ is the dynamic viscosity of
the fluid. Then, the drag force acting on a spherical or near-spherical (sphere
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cross section: A = mr?) permanent magnet pulled through Newtonian fluid
at low Re can be expressed in vector form as

(2.33) Fp = —6mpsrd

In the present work, this equation is assumed to be also valid for a small
cylindrical permanent magnet. The force generated on a whole magnetic
dipole moment 77 (units A - m?) by an induction field B (units T) is expressed
by the following equation:

—

(2.34) F=v (rﬁ : é)

If the object has a homogenous magnetization M (A-m~') and a volume V
the equation can be then rewritten as:

(2.35) ﬁ:vv(ﬂé):v(ﬂ.v)é
The module ’]\7[ ’ of the magnetization of a permanent magnet can be ob-
tained as
. B,
(2.36) M| =—
Ho

where B, is the residual induction (or residual flux density) of the magnet
and jio = 47 -107T-m-A~! is the permeability of free space.

The magnetic torque acting on a permanent magnet cause to an external
magnetic induction field can be expressed as

(2.37) T=VMxB

and is responsible to align nearly instantaneously the magnetization vector
of the magnet to the direction of the applied field.

If we apply a magnetic field gradient to pull a small cylindrical permanent
magnet in a Newtonian fluid at low Reynolds numbers, we obtain

(2.38) F4+Fp=0
and, consequently
(2.39) F=v (M : v) B = 6mpurd

From this equation we can observe that, as saw in the previous chapter,
at low Reynolds numbers the inertia is negligible; in fact the external force
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applied to the object is linearly related to its terminal drag speed. Thus,
in these conditions, the object nearly instantaneously reaches its terminal
velocity where the viscous drag force exactly balances the applied magnetic
force.

Finally, the terminal velocity of a cylindrical permanent magnet, with
magnetization instantly aligned with the magnetic induction field, can be
expressed as

V
Omppr

(2.40) 7=

being V' = 7r2h, with h the height of the cylinder.

2.2.2 Microbeads with super-paramagnetic particles

Polymeric spherical microbeads containing super-paramagnetic nanoparticles
can be manufactured by including nanoparticle dispersion in a polymeric sub-
strate before the polymerization stage. The embedded super-paramagnetic
nanoparticles are modelled as magnetic dipoles |24] induced by an exter-
nal magnetic field. In particular, their dipole moment 1, is assumed to be
proportional to the local magnetic field B:

(2.41) My = XpB

where Y, is a positive constant derived from the magnetic susceptibility of
the nanoparticles [16]. Under this assumption, the generic particle undergoes
a magnetic force that can be expressed as

(2.42) £y = (i, B) = 2,5 VB

Considering that all the embedded magnetic nanoparticles have the same
size, and thus the same coefficient x,, the overall magnetic force can be
obtained as the resultant of the forces acting on every single nano-particle
embedded in the polymeric microbead:

N
(2.43) F= Z FZ Z§ i, Yir %) - VB (5,9, 2)
i=1 i=1
where F:ﬁ is the magnetic force acting on the i-th particle, B (4, 9i, z;) and

VB (x4, yi, z;) are respectively the magnetic induction field and gradient in
the spatial position occupied by the particle. The number of nanoparticles
embedded in the polymeric bead can be defined as

(2.44) N =d,V
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where d, is the density of the particles in the bead (nanoparticles-m™?) and
V' is the volume of the bead. Note that the magnetic force acting on the
polymeric bead, fixing its volume, depends on the magnetic induction field
gradient (like for a permanent magnet), on the magnetic characteristics and
the density of the nanoparticles, which can be varied in order to obtain dif-
ferent sensibilities to the magnetic fields, and, especially, on the strength of
the applied magnetic induction field. This aspect can be an advantage of
employing micro-object with variable concentration of magnetic nanoparti-
cles, since generally the main limitation of magnetic field generating devices
(like a commercial MRI system) is the maximum gradient they can gener-
ate, rather than the strength of field. Finally, making reference again to the
drag force acting on a sphere in a Newtonian fluid at low Reynolds number,
expressed by equation 2.33, and summing the overall magnetic force acting
on the microbead and the resistant drag force, we obtain

—

N
(2.45) F= 2sz B (i, v, ) - VB (i, yi, 1) = 6mpprd
i=1

and, thus, the terminal drag speed of a polymeric bead containing super-
paramagnetic nanoparticles can be expressed as

N

- Xp ] o]
(246) v = 37T—qu7” ; B (ﬂii,ym Zi) -VB (xiv Yis Zi)

2.2.3 Nanofilms with super-paramagnetic particles

Nanofilms (or nanosheets) are polymer-based films with very large area (up to
tens of ¢?m) and with a thickness in the order of few tens-hundreds of nanome-
ters [13]. The possibility to include magnetic components into nanofilms,
such as magnetic nanoparticles or nanobeads, represents a first step for the
development of magnetic nanofilms with the potential of a remote controlled
manipulation [23].

In this section we introduce a model describing the magnetic interaction
between a magnetic static field and a polymeric nanofilm (homogenously
filled with super-paramagnetic nanoparticles).

First of all, a fluid-dynamic model [24] of a nanofilm suspended on a fluid
with density p; and dynamic viscosity 1y and moving at speed v'is presented.
The nanofilm can be considered as a purely two-dimensional flat plate having
typical length [. At laminar regimes, the skin friction f}r (force-per-length)
acting on such a plate can be estimated by recalling classical fluid dynamics
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results [36], namely:

- 1 A
(247) ffr = —§Cf,«pfl |'U|2 v
where
2¢
(2.48) Cy, =

denotes the friction coefficient, depending on the Reynolds number Re =
pel|U] /iy, and ¢ = 0.664 is a (non-dimensional) constant. We then ap-
proximate the skin friction F ¥ on a square plate by simply multiplying f;e,.
by [, thus neglecting boundary effects. After substitution, the considered
expression reads:

(2.49) Fpe = —=Cppug)? 1102 0

In condition of stationary motion the drag force acting on a nanofilm pulled
on a fluid is considered equal to this skin friction.

For a nanofilm containing super-paramagnetic nanoparticles dipped in
a magnetic field, a magnetic force ﬁp due to the induced magnetic dipole
moment 173, of the particle acts on each embedded particle identical to that
of equation 2.42. The overall magnetic force acting on the nanofilm has the
same general expression as equation 2.43, too.

Thus, for a magnetic nanofilm dragged on a fluid by means of a magnetic
force we obtain

N
(2.50) F = QXPZB (@i, i, ) - VB (23,41, 2) = C(ppp) > (117> 0

=1
and so

) N 2/3
S Xp 5 5 r

2.51 U= B (xi,yi, 2i) - VB (i, Ys, % B
(251 Cpsig) ' 1372 ; ( ( )

2.3 Models of the magnetic steering systems

As previously underlined, a magnetic steering system is a complex system
composed of a device for the generation of controlled magnetic fields and a
microrobot designed, developed and fabricated to work in full synergy. This
allows obtaining the best performances from both, compensating the limits
and exploiting the potentialities each other.
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Here the model of the on-axis magnetic induction field generated by the
developed device and the models of the magnetic motion of the three micro-
robot prototypes are combined, thus obtaining the models of three different
magnetic steering systems.

2.3.1 The magnetic device in steering
a permanent magnet

When modelling the steering system composed of the developed one-directional
magnetic field generating device and of a small cylindrical permanent mag-
net, we can assume that the magnetization vector of the magnet is always
aligned with the applied magnetic field, by means of the nearly instantaneous
action of the magnetic torque expressed by equation 2.37.

The vector expression of equation 2.35 can be rewritten in the mono-
dimensional scalar form

dB,

2.52 F,=VM
(2.52) -
and, thus, the drag speed in the x direction can be expressed as

rh _ dB
2.53 = —M—=
( ) v 6/Lf dz
which, at the centre of the workspace, gives

rh 8 [3rhM puyN

2.54 1,)=—MVDBy(l,) =—1/= —1
(2.54) (1) = FEMV By (1) 49\/; el

It is important to notice that the drag speed at the centre of the device
depends only on the current /,; moreover this dependence is linear. However,
a current [ have to flows in the coils in order to generate the nearly uniform
magnetic field component needed for stably aligning the magnetization vector
of the permanent magnet.

Considering an ideal device, which can generate really uniform magnetic
fields and gradients, the drag speed can be considered constant along the
workspace and equal to the value obtained at the centre. But considering
the actual device, we must consider that the generated magnetic fields and
gradients are not uniform, and so the obtained drag speed.

The effective drag speed along the workspace, in function of the flowing
currents, can be expressed as
(2.55)

 V3rhM poN (£+3)ia
4/Lf R?

(£ —3)i

975/2
=

+

(%% (x7il>/i2) = 1\ 2 5/2
1+3E+D°" [r+3(

Il
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Figure 2.7: Drag speed of a permanent magnet steered by the developed
magnetic device

The ideal and effective speeds of a permanent magnet steered by the
magnetic device developed in the present work are shown in Fig. 2.7.

2.3.2 The magnetic device in steering
a magnetic microbead

Here the one-directional steering system obtained combining the developed
magnetic device and a polymeric microbead including super-paramagnetic
nanoparticles is described.

Considering the magnetic field generated by the proposed device, the
vector expression of equation 2.43 can be simplified as

N

2.56 F,=2 B, (v;) ————=

If we assume that the magnetic nanoparticles are uniformly distributed
in the bead

(2.57) AN = d,dV = d,A (z) dx

we obtain

N dB
F, = 2)@/ B, (x) ; (z) dN
0 x

(2.58)

z+r d
~2gd, [ B0 B a ) a
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where

(2.59) AW)=m [7“2 — (v — x)Q]

denotes the cross-sectional area of the microbead at the auxiliary quote v
and z is the coordinate of the centre of mass.

If we consider the case in which the microbead’s centre of mass coincide
with the centre of the workspace and we assume that, locally, a constant
magnetic gradient and thus a linearly variable magnetic field are present, we
obtain

(2.60)
Fo (I4,1,) = 2x,d,V By (1,) / 7 (r* — 2”) [Bo (I4) + VBy (I,) 2] dz

= QXPdPVBO (If) V By (Ig)

Hence, the drag speed at the centre of the workspace can be expressed as

2xpd,V 512v/3 3 Xpdpr? Ui N
By (I;)VBy(l,) = ] I
6mppr o (1) 0 (lg) = 7203 py  R3 fre

(2.61) vy (s, I,) =

and linearly depends on the product of the two currents Iy and I,.

It is important to notice that, for an object containing super-paramagnetic
particles, even in the ideal case in which the magnetic device produces uni-
form gradients, the terminal drag velocity is not constant in the workspace,
but linearly variable with the z variable, as expressed by

4 x,d,r?
Uid(l’,]f,fg) = — PP

Big (z,1;,1,) VBig (1,)
(2.62)
= —=——[By(If)+ VB, ({,) x] VB (1)

In the real case the expression of the terminal drag speed becomes even
more complex and can be obtained by
(2.63)

Fy(2,d1,12)  Xpdp /HT o deW»il,iz)A

- BZ‘ ) Y
67 ppr STUFT Sy Wi, 72) dip

The effective solution is not calculated in this work. However, since the
radius of the bead is quite small with respect to the second order variation
of the field, we can reasonably assume that the magnetic field gradient is
locally constant. With this assumption we obtain

dB; (x, 11,1
BI (.I,il,iQ) (:C i Z2>
if dx

(¢) dip

(%% (.’L‘,'L.l,l.g) -

4Xpd r?

(2.64) Uy (2,11, 12) =
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Figure 2.8: Drag speed of a microbead steered by the developed magnetic
device

The constant, ideal and effective speeds of a microbead containing super-
paramagnetic nanoparticles and steered by the magnetic device developed in
the present work are shown in Fig. 2.8.

2.3.3 The magnetic device in steering
a magnetic nanofilm

Here the one-directional steering system obtained combining the developed
magnetic device and a polymeric nanofilm including super-paramagnetic
nanoparticles is described.

Also in this case, considering the magnetic field generated by the pro-
posed device, the vector expression of equation 2.43 can be simplified as in
equation 2.56. If we assume that the magnetic nanoparticles are uniformly
distributed in the nanofilm

(2.65) dN = dpdV = dplhdx
we obtain
N de x+1/2 de
(2.66) F, = 2Xp/ B, (z) %di\f = 2Xpdplh/ B, () %dw
0 Z z—1/2 (0

where z is the coordinate of the centre of mass. If we consider the case in
which the nanofilm’s centre of mass coincide with the centre of the workspace
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and we assume that, locally, a constant magnetic gradient and thus a linearly
variable magnetic field are present, we obtain

11/2
Fo (I3 1) =200V B (1) [ [Bo(1y) + VBo (1) a] da
—1/2

;QXpdeBO (]f) VB, (Ig)

(2.67)

that is analogous to equation 2.60 seen for a microbead. It is important
to notice, however, that the typical size of a nanofilm is often too large to
actually neglect the effective non-linearity of the magnetic field. This formula
has thus to be considered only an approximation of the real force acting on a
magnetic nanofilm in the centre of the workspace. However, the approximate
drag speed in this point can be calculated and assumes the following form
(2.68)

2 By (I By (I
U0(1f7]g>;[ XpdpV 0(]‘)V 0(9)

C(pypg)? 132

2/3 2/3

[768\/§ Xpdphl'/? [2N? ]]

= ftg
2401 ¢ (pypp)'® R

If we assume, as usual, that the magnetic device generates an ideal constant
gradient, we obtain the following expression for the ideal drag speed along
the workspace

2/3
2XpdphlY?Big (z,I1,1,) V Big (1,) !
Uid(di,ff,lg) = 172
¢ (psiy)
(2.69) 2/3
{ 2x,dyhlV/? By (I7) + V By (I,) 2] VB (I,) }
1/2
Cprug)"

The effective expression of the drag speed of a magnetic nanofilm steered
by the developed magnetic device is not obtained in the present work. Here
an approximate form, in which the non-linearity of the magnetic field into
the object is neglected, is reported

2xyd,hll/?

Cppup)'”? Be(vtte)

2/3
de (x7 i17 22)
dx

(2.70) Vg (T,17,109) = [

The constant, ideal and effective speeds of a nanofilm containing super-
paramagnetic nanoparticles and steered by the magnetic device developed in
the present work are shown in Fig. 2.9.
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Figure 2.9: Drag speed of a nanofilm steered by the developed magnetic
device



Chapter 3

Experimental set up

In this chapter the experimental set up designed for the study and develop-
ment of the magnetic steering system is presented. The system is based on
the pulling propulsion method.

In section 3.1, three prototypes of microrobot are described: they are
conceived considering the models presented in the previous chapter and they
emphasise different characteristics of the steering system.

=

F I I -
.

gap0om OP

COIL2

Figure 3.1: Schema of the magnetic steering system and of its components

Subsequently, the magnetic-field-generating device (see Fig. 3.1) is de-
scribed in detail. The device consists of two custom electromagnets (here
called coils) which surround the operative area where the microrobot can
move. The input current is supplied by two purpose-designed amplifica-
tion stages. These are controlled by the user through a software interface,

39
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designed and developed for this purpose, and a USB multifunction data ac-
quisition board. The currents that flow in the two coils are continuously
monitored. The user can also monitor the microrobot steering thanks to a
micro-camera placed above the workspace. The images acquired in real-time
represent a visual feedback to the user.

Section 3.2 is focused on the design and fabrication of the coils while an
overview on the control and monitoring hardware is given in section 3.3. Fi-
nally, the purpose developed software, which consists of the graphical user
interfaces for the control and calibration of the system is described in sec-
tion 3.4.

3.1 Microrobot prototypes

3.1.1 Permanent magnet

The first microrobot prototype is a cylinder neodymium permanent magnet
of K&J Magnetics with 1/16” (1.5785 mm) diameter and 1/16” thickness.
The volume of the cylinder is thus the following:

V =3.1422mm? = 3.1422 x 1077 m?

From the volume we can calculate the magnetic force acting on the magnet
when dipped in a magnetic field. The magnet is in NdFeB of grade N52, with
axial magnetization direction. The module of its magnetization, needed to
calculate the magnetic force, too, can be directly obtained from the residual
induction value (here the lower value of the range was employed, representing
the worst case):

M =1.1300 x 10°A -m™"!

Figure 3.2: The employed cylindrical permanent magnet
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3.1.2 Polymeric devices embedding magnetic particles

The other prototypes consist in a set of polymeric microbeads and in a set of
nanofilms, both containing super-paramagnetic iron oxide (Fe;O3) nanopar-
ticles in order to be pulled and steered by magnetic fields. The same nanopar-
ticles with about 40nm diameter and mass density p, = 5260kg-m™> are
used both in the microbeads and in the nanofilms. A positive constant x,, can
be derived from the magnetic susceptibility, which relates the applied mag-
netic induction field and the magnetic dipole moment of the ferromagnetic
nanoparticles.

For all the particles employed in this work the bulk susceptibility assumes
the following value, obtained from SQUID measurements [24]:

x = 640 A’m*N kg ™!

This value is obtained by a rough linearization, but it can be considered
accurate enough for the magnetic fields in the range of few hundreds Gauss
that our device generates.

Notice that the value above is defined for a kgof nanoparticles. Knowing
the size of the particles, a value for a single typical nanoparticle can be
obtained, as expressed by

Xp = X ppVp = 1.1281 x 10719 A2m3N'nanoparticle ™!

The polymeric microbeads are little near-spherical beads of diameter of
about one millimetre made of an alginate gel containing the super-magnetic
particles. They are fabricated dropping an alginate solution at 1% w/v con-
centration, in which are suspended iron oxide particles at 1% w/v concen-
tration, in a CaCl, solution at concentration 0.5 x 10 mol-m~3. In presence
of the bivalent positive calcium ions the alginate solution drops instantly
reticulates forming gel beads embedding the ferromagnetic nanoparticles.
Considering the diameter of the particles we obtain

C
d, = —2 = 5.6733 x 10" nanoparticles - m*
PpVp

Nanofilms are polymer-based films with a very large area and with a thick-
ness of few tens-hundreds of nanometres [13]. The magnetic free-standing
nanofims employed in this work are fabricated by a single step spin-coating
assisted deposition (sacrificial layer approach) |26].

The magnetic nanofilms are fabricated by spin-coating assisted deposi-
tion. The preparation steps are reported here in details [23]:
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Figure 3.3: An alginate microbead containing super-paramagnetic nanopar-
ticles

Figure 3.4: A polymeric nanofilm containing super-paramagnetic nanoparti-
cles

1. a PVA solution (10mg-ml~! in HyO) is spinned at 4000 rpm for 20s
on the silicon square wafer (sacrificial layer);

2. the sample is dried on a hot plate at 80 °C for 1 min;

3. a PLLA solution (10mg-ml~! in CH,Cl,) containing ferromagnetic
nanoparticles is spinned at 4000 rpm for 20s (magnetic nanofilm);

4. a nanoparticles dispersion of 10 mg-ml~" is used for nanofilms proce-
dures, from which we obtain

Gy

PpVp

3

d, = = 5.6733 x 10" nanoparticles - m~

5. the sample is dried on a hot plate at 80 °C for 1 min;

6. the edges of the deposited film are defined with a cutter and the wafer
putted in water: the water dissolves the sacrificial PVA layer and the
magnetic nanofilm starts to float (free-standing nanofilms). Addition of
PVA solution in the water acts as a stabilizer making possible nanofilm
manipulation.

The obtained magnetic nanofilms are hydrophobic, free to float (free-standing)
and have a surface of about 15x15 mm? and an average thickness in the order
of 200 nm.
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3.2 Coils

In the design stage of the device for the generation of controlled magnetic
fields we have to fix the expected minimum performances of the magnetic
steering systems which it belongs to and described in previous chapter.

For the magnetic-field-generating device designed in the present work
we fix, for all the kinds of microrobot prototypes previously described, an
arbitrary minimum drag speed of 0.2 mm - s~* while suppling a typical current
of TA.

Moving from these minimum performances the coils are dimensioned and
manufactured.

3.2.1 Dimensioning

As seen in the previous chapter, using a Maxwell pair, the radius of the
coils is constrained by the distance between them, which corresponds to
the size of the workspace. In the design of the magnetic-field-generating
device employed in this work, it is decided to have a workspace of about the
same size of a small Petri dish (40 mm in diameter), in order to perform the
validation tests, described in the next chapter, which consist of propulsion
trials in liquid environment (in particular water). Considering the diameter
of the small Petri dish, the distance between the two coils composing the
Maxwell pair is fixed in the value of 45mm and the average radius of the
coils is consequently fixed in 26 mm.

Concerning the dimensioning of the coils, the minimum number of wrap-
ping for each coil must be calculated in order to obtain the desired perfor-
mances in terms of minimum value of drag speed of the microrobot proto-
types. In the previous chapter, the expressions of the drag speed of all the
three kinds of microrobot prototypes, in function of the applied magnetic
field, are presented (2.3). Here those expressions are re-arranged in order to
evaluate the minimum number of turns per coil in function of the desired
minimum drag speed.

Permanent magnet

In the previous chapter we showed that the drag speed for a small cylindrical
permanent magnet at the centre of the workspace in our one-dimensional
magnetic steering system can be expressed (see eq. 2.54) as

8 [3rhM pgNI
49V T oy R?

(3.1) Vo
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where r, h and M are respectively the radius, the height and the magne-
tization of the permanent magnet, ;; is the dynamic viscosity of the fluid,
1o is the magnetic permeability of free-space, N and R are respectively the
number of turns and the radius of the coils and I is the current flowing in
opposite directions in the coils (gradient-mode, I = 1,).

Fixing the desired minimum value of the drag speed in this point, we can
thus obtain an expression of the number of turns per coil in function of the
parameters of the system and of the desired performances

49 7 [LfR2 ;
3.2 Nmin = —1\/z———v"™"
(32) 8 \/;rhMMOIUO

Fixing the minimum speed and the typical value of the flowing current
previously reported (respectively 0.2mm -s™! and 1 A), we get that with only
a single turn per coil (N,,;, = 1) we can move the described small permanent
magnet at a velocity higher than the desired one.

Alginate microbeads

Concerning the calculation of the minimum number of turns per coil needed
for pulling the other two microrobot prototypes, it should be remind (see
eq. 2.61) that the drag speed of a microdevice containing super-paramagnetic
nanoparticles is proportional not only to the magnetic gradient, but also to
the value of the magnetic field. For a polymeric sphere containing magnetic
particles like those previously described and with the centre of mass in the
centre of the workspace, we obtained the following expression of the drag
speed

(3.3) o = 5124/3 Xpdpr2 ,u%NQIf]g
) 7203 py R3

where x, and d, are respectively the susceptibility constant and the density
of the particles, r is the radius of the polymeric sphere, I; and I, are, re-
spectively, the absolute values of the field-mode and gradient-mode currents
flowing overlapped in the coils. For more clearness it must be underlined
that while in a coil flows a current I; = Iy — I, in the other one flows a
current Iy = Iy + I, thus creating the superimposition of a nearly-uniform
magnetic field and of a nearly-uniform magnetic gradient. From this relation
we can obtain the expression of the minimum number of turns per coil

49 \/g Ky RS min
——= v
16\ 2 xpdyr? pi2lsl, °




CHAPTER 3. EXPERIMENTAL SET UP 45

which gives, substituting the desired value of the minimum drag speed and
of the typical currents, N,,;, = 101 turns per coil.

Nanofilms

Finally, an analogous calculation is carried out for a polymeric nanofilm con-
taining super-paramagnetic nanoparticles, with the centre of mass in the
centre of the workspace and for which we previously saw the following ex-
pression for the drag speed (see eq.2.68):
2/3
(3.5) [768¢§ Xpdphl'"? EN?I11,
: Yo = 1/2 3
2401 ¢ (ppps)'? R

where h and [ are respectively the thickness and the typical size of the
nanofilm, ¢ = 0.664 and p; is the density of the fluid.

Fixing, as usual, the minimum drag speed and the typical values of the
currents, results

@ \/§< (pfluf)l/2 ,U%Iffg (Umz’n>3/2
0

3.6 Npin =
(3.6) 8\, dhl' 2 RS

which gives N,,;, = 477 turns per coil.
Thus, as a preventive measure, it was decided for the coils to have at least
five hundred turns each.

3.2.2 Manufacturing

A plastic framework is designed and manufactured as support for the two
coils, which allows the positioning of the coils at the specified distance and the
lodging, between them, of a Petri dish containing the microrobot prototypes
used for testing the magnetic steering system. A further structure is produced
for the backing of the camera above the workspace. Both the framework are
visible in Fig. 3.5.

The coils of the magnetic-field-generating device are obtained spooling a
0.5 mm diameter copper wire around two dedicated backings. The spooling
of the wire is hand-made while a little DC motor assists the turning of the
backings; for this reason the effective parameters of the coils slightly differ
from the ideal ones due to the not perfect bundling. An evaluation of the real
parameters is made fitting the on-axis magnetic field measurement data and
is reported in section 4.1.3. This non-idealness is considered and compensated
through the main graphical user interface thanks to the independent current
supply of the coils (see Appendix A).
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Figure 3.5: Overview of the system

3.3 Circuitry

The coils previously designed and fabricated, if adequately current-supplied,
can generate the desired controlled magnetic field in the workspace. So, the
control of the current supply is of extreme importance in order to control the
magnetic fields and gradients requested for the propulsion of microrobots.
In this section the circuitry for current-supplying and monitoring the coils is
described in details. This circuitry is driven by a purpose-developed software
kit (described in details in the next section) through a USB multifunction
data acquisition device (National Instruments USB-6259 BNC), doted of four
analogical output and sixteen analogical input channels. For all the tests car-
ried out in this work, up to two analogical outputs and up to three analogical
inputs are used.

The two outputs are employed for handling the generation of the signals
for current-supplying the coils. These signals were used as inputs of two
amplification circuits mounted on a Printed Circuit Board. The PCB is
designed to be a multipurpose voltage amplification device and it mounts a
Burr-Brown OPA549 operational amplifier.

The board has an input port (composed by Vi, and GND), an output port
(Vout and GND) and a power supply port (V4, GND and V_); it is supplied
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Figure 3.7: Burr-Brown OPA549 operational amplifier

with a DC dual power supply unit. The circuit is a non-inverter amplifier
with a gain chosen in the value of 4.3. The effective gain of each amplification
circuit can be affected by the precision of the resistors mounted on the board;
thus the effective gain factor of both the amplification circuits employed in
the present work is measured as described in section 4.1.1. The fact that the
amplification device is designed to be a voltage amplification board, rather
than a current one, is not a limitation in this application, since, using static
or nearly static fields, the current flowing in the coils can be controlled by
simply controlling the applied voltage and knowing the resistance of the coils.
For this reason, the effective value of the resistance of each coil is calculated
from the measurement of the current flowing in the coil, as described in the
next chapter. Both the gain factors and the resistances are obtained by
means of dedicated GUIs included in the software kit and described in the
next section. The schematic of the circuit and the drawing of the Printed
Circuit Board are represented in Fig. 3.8.

In order to obtain the effective gain factors, the output of each amplifica-
tion circuit is connected to an input channel of the data acquisition measuring
the voltage output. For calculating the resistance of the coils, instead, two
shunt resistors with nominal resistance value of 0.22 €2 are employed; the data
acquisition device, in fact, can perform current measurements by connecting
an input channel to the extremities of a known resistance and measuring the
voltage between them. Further details on these measurements are reported
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Figure 3.8: Design of the amplification PCB
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in sections 3.4 and 4.1.2.

As later on described in details, the effective magnetic induction field
generated by each coil needs to be measured, in order to evaluate the real
parameters of the hand-made coils. The magnetic induction field along the
main axis of each coil is measured by means of a Honeywell SS94A Hall-effect
sensor mounted on a dedicated support framework, power supplied with a9V
alkaline commercial battery and connected to an analogical input channel of
the data acquisition board.

Figure 3.9: Honeywell SS94A Hall-effect magnetic field sensor

Finally, the images visualized in real-time in the trials on the microrobot
prototypes are acquired with an IDS uEye USB UI-2250-MM CMOS camera
able to acquire greyscale images with a maximum resolution of 1600x 1200 pixels.
This device is directly connected to the computer through a USB port.

3.4 Graphical User Intefaces

For allowing the control of the magnetic-field-generating device, a software
kit is developed, including four Graphical User Interfaces. Three of these
are service interface for system calibration and execution of the preliminary
measurements (evaluation of the gain factor of the amplification circuits,
evaluation of the resistance of the coils and measurement of the magnetic
induction field generated by each coil along its main axis).The forth is the
interface employed for driving and monitoring the magnetic steering system,
as well as for data acquisition and elaboration (main interface).

3.4.1 Calibration GUIs

Three versions of the calibration interface are developed for device calibra-
tion, in order to generate actually controlled magnetic fields, and they are
the following:
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1. GUI for the measurement of the amplification boards’ voltage output,
in order to obtain the effective gain factor of each board;

2. GUI for the measurement of the currents flowing in the coil, in order
to evaluate the effective values of the resistance of the coils;

3. GUI for the measurement of the on-axis magnetic field generated by
each coil, for evaluating the parameters of the hand-made coils.

They are all developed by using Microsoft Visual Studio 2008 tool suite, in
Visual Basic language. The data acquisition device is handled by means of
the National Instruments Measurement Studio components for Visual Ba-
sic, embedded in the application. These GUIs are used for the synchronous
generation of driving signals, like the voltage inputs of the amplifiers, and
acquisition of the signals of interest, specific of the application of each inter-
face.

The three interfaces are all developed from a common template and are
very similar. Here this template is described in details; furthermore the
solutions adopted for each particular case, which make the three interfaces
substantially different, are reported.

The first two interfaces generate the same output voltage signal, as input
signal for the amplifiers, on two different channels, one for each amplifica-
tion board, at the same time. The same waveform is employed in the third
interface, as well. This signal, characterized by a whole duration of 105, is
a rectangular pulse of amplitude V;,, chosen by the code and varied in the
trials, and duration of 5s; furthermore, the signal is generated at a frequency
of 1kHz, for a total number of 10,000 samples per trial. All the generated
samples are stored during generation in a dedicated “*.in” ASCII-text file.

Synchronously with the generation, a data acquisition is performed. The
number of channels of acquisition and the kind of signal measured differ
among the three interfaces, but for each channel 10,000 samples are acquired
at 1 kHz frequency and stored in a dedicated ASCII-text file. In the interface
for the evaluation of the gain factors, an acquisition of the voltage output of
the amplification boards is performed on two channels, one for each board,
and the acquired data are stored in two files (“*.outl” and “*.out2”). Anal-
ogously, in the interface for the evaluation of the resistance of the coils, two
channels are used for the acquisition of the two flowing currents, and the
data are stored in two files (“*.curl” and “*.cur2”). For the measurement of
the currents, two shunt resistances of nominal value of 0.22 ) are employed.

The GUI developed for the measurements of the magnetic field generated
by the coils is a little bit different from the other two, especially for the
generated and acquired signals. First of all, the field measurement trials are
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Figure 3.10: Waveform of the generated signal

performed on one coil at a time; thus only one output channel is employed.
Furthermore, on the basis of the effective gain factor of the employed am-
plification board and of the value of the previously evaluated resistance of
the tested coil, the voltage output signals are calculated in order to obtain a
desired current flowing in the coil. Thus, the generated output signal differs
between the coils, while, for each coil it does not change during the trials.
The acquired data consist in the effective flowing current and in the magnetic
induction field measured at various positions along the axis of the tested coil.
The measurement of the current could actually have not to be performed, but
this redundant information is retained to be important not only for fine eval-
uating the real parameters of the coils, but also for verifying the reliability
of the previously estimated parameters (gain factors and resistances).

In all the three interfaces, the generated and acquired data are visual-
ized, respectively, in real-time on two graphs. Furthermore, the folder and a
common name for the files saved during a single trial can be chosen. Finally,
every interface has an on/off switch and a led for signalling the activity of
generation/acquisition process.

Further details on the employment of these graphical user interfaces in the
trials and on the analysis of the acquired data are reported in the chapter 4.
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Figure 3.11: One of the three calibration GUIs

3.4.2 The main GUI

The main graphical user interface is a software tool quite more complex than
the previously described calibration interfaces, since it is not only a signal
generation, acquisition and visualization tool, but also a platform for the
calculation of the needed input signals of the amplifiers, moving from the de-
sired drag speed of a specified microrobot prototype, and for the elaboration,
visualization and storage of the data extracted from the images acquired in
real-time. The interface, as those described in the previous subsection, is
developed by using Visual Basic language. Furthermore, various external
components are employed for carrying it out.

The interface is constituted by two tabs (or pages). The first tab is ded-
icated to the execution of the trial. Since the loading of the main program
window, the images acquired in real-time by the camera above the workspace
are displayed by means of a uEyeCam ActiveX control embedded in the right
bottom corner of the page. Selecting the type of microrobot prototype and
specifying its sizes and the desired drag speed at the centre of the workspace
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Figure 3.12: Execution of the trial

from the selection group box in the top of the tab, the program calculates
and visualizes the currents that have to flow in the coils for generating the
requested magnetic field. The ideal and expected drag speed, magnetic induc-
tion field and gradient are calculated along the workspace and visualized in
three different graphs. These calculations, reported in details in Appendix A,
are performed before the effective execution of the trial by calling an exter-
nal script, previously written in Mathworks Matlab 7.1(R14), by means of a
Matlab object created by the code during the loading of the main window
of the program, and they enable the execution of the specified trial. This
can be actually launched through an on/off switch, and its effective running
is signalized with a lighted green led. During the execution of the trial the
following operations are automatically performed:

e continuous generation of the currents calculated in the preliminary
stage, by means of a dedicated National Instruments Measurement Stu-
dio control embedded in the program;

e acquisition and saving of the images of the workspace at a frequency
of 10 fps through the uEyeCam ActiveX control;

e acquisition, monitoring and storage of the effective currents flowing in
the coils, synchronously with the acquisition of the images, by means of
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another dedicated National Instruments Measurement Studio control;

e continuous feedback to the user on the progress of the trial.
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Figure 3.13: Dialog window

The trials have a fixed duration, after which all the operations described
above are stopped and the data elaboration starts. During this stage the
acquired images are analysed by another external purpose-developed Matlab
script, in order to extract the position of the tested magnetic microdevice in
every image. This data are subsequently elaborated and the effective drag
speed during the execution of the trial is extracted. The measurements of
the effective flowing currents are performed, as well, in order to evaluate the
effective magnetic induction field and its gradient. All these calculations are
reported in details in Appendix B. During all these operations the progress
of the elaboration process is visualized through a dialog window. So, the
obtained data are displayed in the graphs on the second page of the interface,
fully dedicated to the visualization of the results, and stored in a data file
for further elaborations.
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Chapter 4

Trials and experimental results

This chapter reports all the tests and the trials carried out in the present
work. Section 4.1 is dedicated to the tests performed on the developed mag-
netic fields generator in order to find the right tuning parameters. Three
models of magnetic steering systems are presented in chapter 2; the trials
performed for validating these models are thus described in section 4.2.

4.1 Tuning of the magnetic device

Many factors can influence the reliability and the accuracy of a device for
the generation of magnetic fields like the one designed and developed in this
work. If not properly considered and accurately compensated, non-idealness
can make inconsistent outcome and invalidate the obtained results.

In order to individuate and compensate such kind of problem and to
tuning the magnetic-field-generating device, a set of dedicated tests are per-
formed.

4.1.1 Calibration of the amplification boards

The device developed in this work makes use of two custom driver boards to
current-supply the coils through the amplification of a signal generated by
means of a USB multifunction data acquisition device (National Instruments
USB-6259) and a dedicated interface. Thus, the voltage applied to each coil,
which determines the current flowing, needs to be accurately known. This
voltage is given by the output signal generated by the data acquisition board
multiplied the gain factor of the considered driver circuit, which depends on
the actual value of the resistors mounted on the board. Consequently, the
effective value of the gain factor, which can vary quite considerably from the

o6
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ideal one, needs to be properly evaluated.

Thus, the first test has been done to obtain the effective value of the gain
factors of the two designed and developed boards.

For the execution of this test the dedicated user interface described in the
previous chapter is used. Through it, two identical signals, used as voltage
inputs of the two amplifiers, are synchronously generated and the voltage
output signals of both the amplification boards are acquired, visualized and
saved in dedicated files. The stored data are then analysed and elaborated
in Mathworks Matlab to obtain the effective values of the gain factors.

The input signal of the amplifiers is a ten seconds waveform with a cen-
tred rectangular pulse of duration of five seconds and amplitude V;,, for a
whole number of ten thousand samples for each trial. The amplitude Vj, is
made varying in the trials from —2V to 42V with intervals of 0.4V, thus
performing eleven trials. For each trial ten thousand samples of the output
voltage of both the amplification boards are acquired synchronously with the
generation of the input signal. An independent null measure is performed
before the described trials, in order to evaluate an eventual offset due to the
measurement process. The evaluated offsets for the two acquisition channels
are actually negligible with respect to the measured signals.

10 e ,,,,,,,,,,,,,,,,,,,,,,,, ................. ...................

0 """" Acquired
Extracted
0 2 1 6 8 10
t (s)
Figure 4.1: Calibration of the amplification boards: example of acquired and
extracted samples

The data stored in the three dedicated files are then imported and anal-
ysed in Matlab. For each ten thousand samples, two thousand samples in the
centre of the rectangular pulse are extracted; in this way distortion effects
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eventually present in the step transition are discarded. Even if negligible,
the null offsets previously evaluated are then subtracted from the sets of two
thousands samples acquired for each value of V;,. The mean value and the
standard deviation of each set of samples are then calculated. These values
are reported in Table 4.1.

Vi (V) V:mt,l(v) Ul<mv) V:Jut,Q(V> 02(m\/)

—-2.0 —83082 0.5658 —8.5799 0.5930
—-1.6 —6.6464 0.5626 —6.8640 0.6076
—-1.2 —49853 0.5697 —5.1491 0.5951
—0.8 —3.3230 0.5388 —3.4326 0.5814
—-0.4 —1.6616 0.5428 —1.7169 0.6008
0.0 —0.0001  0.5814 —0.0000 0.5374
+04 +1.6616 0.5579 +1.7144 0.6161
+0.8  +3.3222  0.5863 +3.4305 0.6160
+1.2 +4.9843 0.5913 +5.1453 0.6210
+1.6 +6.6452 0.5789 +6.8603 0.6044
+2.0  +8.3075 0.5895 +8.5768  0.6115

Table 4.1: Calibration of the amplification boards: experimental data

So, excluding the standard deviation values, we obtain three sets of eleven
values, one of the input signal of both the amplifier and two of their output
signals. These are fitted to a linear equation of the kind

y=A-x
obtaining the following two equations
‘/out,l = Al : ‘/m
V:Jut,Q - A2 : ‘/zn

where the parameters A; and A,, returned by the fitting routine, represent
the gain factors of the two amplification boards and assumes the values

Ay = 4.2891

The experimental data, as well as the returned fitting curves for both the
amplification boards are represented in the following figure.

The goodness of fit is evaluated and returned by the routine, as well.
For the first amplifier we obtain an R? value of 1.0000 with 10 degrees of
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Figure 4.2: Calibration of the amplification boards: fitting

freedom. For the second amplification board the R? coefficient and the degree
of freedom assumes the same value. The fit is very good, demonstrating the
extreme linearity of the relation between the input and the output voltage of
the amplification boards. This test demonstrates that the two gain factors
slightly differ each other and from the theoretical ideal value of 4.3. In
particular, the gain factor of the first amplification board differs for the ideal
value of more than 3%.

4.1.2 Evaluation of the resistance of the coils

Since the magnetic device employs voltage amplification boards, in order to
accurately generate controlled magnetic fields, and thus currents, the values
of the resistances of the coils needs to be known. For this reason a test for
the evaluation of such values is performed and here described.

This test is analogous to the previous one. By means of a dedicated
interface, two identical voltage signals are generated at a time and used as
inputs for the amplifiers. A coil in series to a shunt resistance of nominal
value of 0.22€) (the effective values of all the employed shunt resistance are
measured for the trials) is connected to the output of each amplification
board. Synchronously, with the generation of the voltage signals, the values
of the currents flowing in the coils are acquired by measuring the voltage
on the two shunt resistances. The acquired data are then displayed in the
interface and stored in dedicated files for the subsequent elaboration.
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The input signal of the amplifiers is analogous to the one used in the
previous test: ten thousand samples for each trial are thus generated. As
before, the amplitude Vj, is made varying in the trials from 0V to +3.5V
with intervals of 0.5V, for a whole number of eight trials. For each trial
ten thousand samples of the currents flowing in the coils are acquired, as
well. An independent null measure is performed in order to evaluate an
eventual offset due to the measurement process. The evaluated offsets for
the two acquisition channels are also in this case negligible with respect to
the measured signals.

2 U ,,,,,,,,,,,,,,,,,,,,,,,, ................. ...................

I o — S —

g 1 Lot i

5 0.5 b ,,,,,,,,,,,,,,,,,,,,,,, ................. ...................
) -

Acquired
Extracted :
_0'50 2 4 6 8 10

t (s)
Figure 4.3: Evaluation of the resistance of the coils: example of acquired and
extracted samples

The data stored in the three dedicated files are then imported and anal-
ysed in Matlab analogously to the previous test. Hence, for each ten thousand
samples, two thousand samples in the centre of the rectangular pulse are ex-
tracted, in order to discard distortion effects eventually present in the step
transition. The null offsets previously evaluated are then subtracted from
the sets of two thousands samples acquired for each value of V;,. The mean
value and the standard deviation of each set of samples are then calculated
and reported in Table 4.2. From the voltage input of the amplifier, knowing
the gain factors previously evaluated, the voltage applied to the coils are also
calculated.

So, excluding the standard deviation values, we obtain four sets of eight
values, two of the output signal of both amplifiers and two of the currents in



CHAPTER 4. TRIALS AND EXPERIMENTAL RESULTS 61

Vin(V) Voura(V) Vour2(V)  Li(A) on(A) L(A) op(A)

0.0 0.0000 0.0000  0.0000 0.0006 0.0000 0.0006
0.5 2.0769 2.1445  0.2293 0.0006 0.2385 0.0006
1.0 4.1538 4.2891  0.4590 0.0006 0.4767 0.0006
1.5 6.2307 6.4337  0.6882 0.0006 0.7143 0.0006
2.0 8.3076 8.5782  0.9164 0.0007 0.9512 0.0006
2.5 10.3845  10.7228 1.1435 0.0007 1.1867 0.0007
3.0 12.4614  12.8673 1.3686 0.0009 1.4200 0.0010
3.5 14.5383  15.0118 1.5887 0.0013 1.6479 0.0013

Table 4.2: Evaluation of the resistance of the coils: experimental data

the two coils. Fitting the current data to a linear equation of the kind

1
R

Y= Z

we obtain the following two equations

_ 1
[1 - 1'%ut,1

R
I, =L Vo
R; out,

where the parameters R} and R;, returned by the fitting routine, respectively
represent the series of a shunt resistance (actual value) and of the resistance
of a coil, as expressed by

RT — Rl + RSl
R, = Ry + Rgo

from which we obtain
R; = 8.8719Q

Ry, = 8.8288()

The experimental data, as well as the returned fitting curves for both the
amplification boards are represented in Fig. 4.4.

The goodness of fit is evaluated and returned by the routine, as well. For
both the coils we obtain a value for the R? coefficient of 0.9999 with 7 degrees
of freedom.
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Figure 4.4: Evaluation of the resistance of the coils: fitting

4.1.3 Calibration of the magnetic field

By means of the two tests described above, we accurately know the value
of the currents flowing in the coils of the magnetic device in function of
the voltage used as input signal for the amplifiers. However, we need to
generate accurately controlled magnetic fields and, thus, we need to evaluate
the parameters of the fabricated coils.

At this purpose, the magnetic field generated by each coil along its main
axis when a constant current flows is measured by means of the previously
described Hall-effect magnetic field sensor. The values of the field are ac-
quired at positions varying from 0 to 40 mm of distance from the centre of
each coil, along the axis, with steps of 2mm, for a total of 21 measures per
coil. In all the trials the current flowing in the coils is fixed to 1 A, from
which the needed values of Vin for each coil are calculated moving from the
parameters previously obtained (gain factors of the amplification boards and
resistances of the coils). The signal generation strategy is analogous to that
adopted in the previous tests: a 10s signal with a centred pulse of duration
5s and magnitude V;, is generated for each trial. The values of the magnetic
field and of the effective current flowing in the tested coil are acquired syn-
chronously. One coil at a time is tested. All the acquired data are stored in
dedicated files for the subsequent elaboration.

In the data elaboration stage the values of the current and of the magnetic
field at each position are obtained as average values of the two thousand
central samples of the ten thousand acquired for each measure. The zero-
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Figure 4.5: Calibration of the magnetic field: example of acquired and ex-
tracted samples
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offset is independently calculated for each measure as average value of the
first and last two thousand samples of the measure, since the magnetic field
sensor present a continuous thermal shift that needs to be compensated.
These offsets are then subtracted from the values of the currents and of the
field. Furthermore, since the currents slightly differ from the theoretical value
of 1 A and the field is linearly related to the current, the values of the field
are normalised on the measured values of the currents. The positions, the
normalised magnetic field values and their standard deviations are reported
in Table 4.3

The elaborated values of the magnetic field measured in the specified
positions are thus fitted to the curve representing the field along the axis of
a coil, expressed by

Ho Nrmean I

(4.1) B (z) = 202t a?)

3/2

The values returned by the fitting procedure are reported in Table 4.4,
and the results of the fitting for the two coils are depicted in Fig. 4.6.

The values obtained are slightly higher than the desired ones, but this is
not a problem, since the same desired magnetic field can be generated with an
even smaller current with respect to the ideal coils. It is important to notice
that the two coils present slightly different values. This result is expected,
since the coils are manufactured with a hand-made procedure. However, once
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z(mm) Bj(Gauss) o1(Gauss) By(Gauss) o9(Gauss)

0 132.9799 0.1061 134.3257 0.1155
2 131.9183 0.1075 133.0588 0.0984
4 128.1285 0.1025 130.0171 0.1022
6
8

122.7719 0.0985 124.1930 0.0989

115.5508 0.1045 118.0783 0.1012
10 106.7116 0.1032 109.7480 0.0976
12 98.2116 0.1025 101.1894 0.0955
14 91.2041 0.0991 92.2754 0.0973
16 82.8935 0.0970 84.1497 0.0949
18 75.0599 0.0975 76.9722 0.0936
20 67.4445 0.0944 69.3081 0.0963
22 61.8791 0.0992 62.1484 0.0948
24 55.1820 0.0932 95.7163 0.0970
26 49.1987 0.0956 49.0091 0.0902
28 43.9678 0.0942 45.1966 0.0922
30 40.4704 0.0959 39.9386 0.0919
32 37.7320 0.0927 35.7621 0.0941
34 32.5987 0.0950 32.5411 0.0957
36 28.8995 0.0995 29.4207 0.0940
38 26.7197 0.0945 26.5885 0.0927
40 23.9660 0.0944 24.0197 0.0932

Table 4.3: Calibration of the magnetic field: experimental data

N Tpean(mm)

Coil 1 566  27.0332
Coil 2 573  26.9151

Table 4.4: Effective parameters of the coils
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Figure 4.6: Calibration of the magnetic field: fitting
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these values are known, we can properly current-supply each coil in order to
generate accurately controlled magnetic fields.

4.2 Validation of the systems

In the present work, three magnetic steering systems, constituted of the de-
vice for the generation of controlled magnetic fields and the three microrobot
prototypes, was designed and developed. A model for each system is de-
scribed in chapter 2. Here a set of tests performed on the three systems are
described; moreover, a basic validation of the models is discussed.

4.2.1 The magnetic device in steering
a permanent magnet

By means of the main graphical user interface described in section 3.4.2, we
choose to steer the small cylindrical permanent magnet in water at various
desired velocities. Considering the magnetic and geometric characteristics of
the object, in fact, the interface calculates the magnetic field, and thus the
currents that must flow in the coils to achieve the selected drag speed (see
Appendix A). All the trials are performed by generating constant currents in
the coils for ten seconds. The images of the motion are acquired at a frame
rate of 10 fps.

In the first set of trials, executed selecting various speed values, the mag-
net did not show movement. The explanation could be one of the following
two:

1. since the theoretical currents needed to achieve drag speeds of few
millimetres per second are very low (about 1x107% A), the amplification
stage of the magnetic device could not be able to generate the output
voltage with enough precision, making the magnetic field unstable and
inadequate to effectively steer the magnet;

2. the force due to the friction with the surface of the Petri dish, not
considered in the model, could be comparable or even much higher than
both the viscous and magnetic forces, thus blocking the movement of
the magnet.

A second set of tests is performed in order to verify or avoid the first
hypothesis. Two resistors are connected in series to the coils (one for each
coil) to allow the amplification stage generating very low values of current
with manageable values of output voltage. In these tests, as well, the magnet
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have shown no movement, indicating that the absence of effective movement
is not (or at least not only) due to difficulties in the generation of very low
currents.

Moving from the second hypothesis, it is chosen to reduce the friction
by covering the surface of the Petri dish with a film of Teflon. Then the
motion tests are repeated. But the result is not changed: the magnet is still
motionless.

Keeping the Teflon covering, it is tried to actuate the magnet with mag-
netic field gradients much higher than those predicted by the model. The
object is motionless till the gradients, and thus the currents, are several (five)
order of magnitude above those calculated and, then, it moves at a very high
speed. This threshold behaviour can be just due to the surface friction: once
overcame the surface friction force the magnet moves at the high speed due
to the high applied magnetic gradient.

A final trial is performed supplying the coils with spiking currents: the
pulses have negative exponential shape with a characteristic time of 20 ms,
amplitude of 50000 times the theoretical currents, and a frequency of 10 Hz.
By means of this excitation strategy the surface friction is overcame and the
magnet moves at an observable speed. However, the data acquired with this
strategy cannot be used for validating the model.

The results obtained by this set of tests suggest that the static friction
force cannot be neglected for millimetre-sized objects moving in contact with
a surface and that a pulsed magnetic excitation, even at low frequencies, can
be used to overcome this problem.

4.2.2 The magnetic device in steering
a magnetic microbead

The motion trials executed on the alginate microbeads containing super-
paramagnetic nanoparticles are here described. The trials are performed in
water and at various desired velocities, generating constant currents in the
coils and have a fixed duration of 10s. The images of the motion are acquired
at a frame rate of 10 fps.

The problems due to the surface friction found when actuating the small
permanent magnet are present in the actuation of the alginate microbeads,
too, since, like the magnet, they stay on the bottom of the Petri dish. More-
over, the surface of the beads is more irregular and adhesive than that of the
magnet, thus increasing the importance of the problem. Also in this case,
thus, the Teflon covering of the surface of the Petri dish is adopted. But, as
in the case of the magnet, this solution does not grant an improvement of the
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motility of the microdevice. The alginate microbeads show an instantaneous
reaction to the setting of the magnetic field, which consists in an on-place
rotation. This movement comes sometimes with a small instantaneous dis-
placement due to the rotation. Then the microbeads stay motionless and
keep their orientation till the end of the trial.

A possible explanation of this phenomenon is the surface friction, again.
The alginate microbeads, since are fabricated by dropping, are not perfectly
spherical. Moreover, the distribution of the magnetic nanoparticles is not
perfectly homogeneous, as well. Hence, when dipped in a magnetic field,
the bead show to have a main magnetic axis. The applied magnetic field
thus leads to the observed initial alignment of the main magnetic axis of the
microbead with the field, but it is not strong enough to generate a force able
to overcome the friction force. Since the currents needed to move the beads
even at low speeds (few millimetres per second) are quite high with respect to
the maximum current that the amplifiers can supply, no trials with several
order of magnitude higher currents or with high amplitude pulses can be
performed. For this reason no motion data useful for the validation of the
model are acquired.

Only a very qualitative test is performed on the alginate microbeads, in
order to evaluate if the applied magnetic fields and gradients effectively exert
a significant force on the beads. In this test an alginate magnetic microbead
is put on a small (few millimetres of side) sheet of paper free-standing on the
skin of the water. Then, a magnetic field like those previously employed in
trying to move the microbeads in water is applied. The bead moves in the
desired direction and with a velocity qualitatively comparable to the desired
drag speed, demonstrating that a magnetic force is effectively applied in the
right direction and with the right order of magnitude, and reinforcing the
hypothesis regarding the surface friction force. The data acquired in this
test cannot obviously be used for the validation of the model, since the fluid-
dynamic conditions in which it is performed are not the same hypothesised
in the model.

These tests underline the demand of preventing the static friction in the
case of microrobots containing super-paramagnetic nanoparticles, since the
forces needed to overcome the static friction force require very high magnetic
fields and gradients. This can be achieved designing microrobots able to float
in the fluid.
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4.2.3 The magnetic device in steering
a magnetic nanofilm

Finally, in the present section the motion trials executed on the polymeric
nanofilms containing super-paramagnetic nanoparticles are described. As in
the other tests, the trials are performed in water, at various desired velocities,
generating constant currents in the coils and acquiring images at a frame rate
of 10fps. Since the maximum obtainable speeds are quite low these trials
have a fixed duration of 30s, instead of 10.

The magnetic nanofilms are nano-structured objects free-standing on the
skin of water. Hence, the only force that acts on them, apart from the
magnetic force, is the skin friction force, which is included in the model. As
a matter of fact, no unexpected surface friction problem are encountered. In
the initial stage of the trial the nanofilm rotates, demonstrating to have a
main axis of magnetization due to the not perfectly homogeneous distribution
of the nanoparticles, and then shifts in the desired direction and with a speed
even higher than the desired one.

Six different speeds are tested and 3 trials for each desired speed value
are performed, for a total of 18 trials. The images of the nanofilm motion
are acquired during the trial; then the position data are extrapolated from
them (see Appendix B), displayed in the interface and stored in a Matlab
data file. A basic evaluation of the speed of the nanofilm and the acquired
current data are displayed in the interface, too.

Subsequently, the position data acquired during the trials are analysed
in order to extrapolate the speeds at the centre of the workspace and to
compare them with the speeds selected through the interface.

Almost all the sets of data presents a zone around the centre of the
workspace in which the trend is nearly linear (see Fig. 4.7). A linear fitting
of the samples lying in this zone is performed for each set of data. Only two
sets do not present a zero-crossing, probably due to problems in the position
extrapolation from the images rather than to an effective problem in the
movement, and they are discarded for the fitting. The procedure of fitting
allows to evaluate a constant value of the speed in the zone of nearly linear
trend around the centre of the workspace.

The desired speed, the value obtained by the fitting and their ratio ob-
tainbed from the 18 trials are reported in Table 4.5.

We can observe that all the values of speed obtained by the analysis of
the data are quite higher than the theoretical ones, expected by the model
of motion of the nanofilm. For this object the theoretical drag speed at the
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vtheo(mm : Sil) Uit (mm . Sil) ratio

-0.3 —0.5742 1.9140
-0.3 —0.3824 1.2746
—-0.3 —0.3807 1.2689
-0.2 —0.3869 1.9346
—-0.2 —0.4099 2.0497
—-0.2 —0.3692 1.8461
—0.1 —0.1676 1.6757
—0.1 — —

—0.1 — —

+0.1 +0.1865 1.8648
+0.1 +0.2506 2.5061
+0.1 +0.1687 1.6866
+0.2 +0.4644 2.3220
+0.2 +0.4099 2.0495
+0.2 +0.2087 1.0437
+0.3 +0.4831 1.6103
+0.3 +0.5101 1.7004
+0.3 +0.6009 2.0029

Table 4.5: Evaluated speeds for a nanofilm

centre of the workspace is expressed by equation 2.68, namely

2/3

768V3 xpd,hlY? piN?

vo (Iy, 1) = Iyl
2400 ¢ (pppp)'® R

Finally, the speeds obtained by the fitting procedures are normalised on
the theoretical speeds in order to obtain a proportionality coefficient. The
mean value of this ratio among the trials is

Vfi
% —1.7969 + 0.38109

Utheo

This result is probably due to uncertainties in the fabrication process of
nanofilms. These are, mainly:

e density of nanoparticles differing from the theoretical one, because of
the sedimentation of the super-paramagnetic nanoparticles in suspen-
sion;



CHAPTER 4. TRIALS AND EXPERIMENTAL RESULTS 72

e not uniform distribution of the super-paramagnetic nanoparticles and,
thus, formation of a main axis of magnetization; this can be observed
in the performed trials, in which the nanofilm orients itself always in
the same direction.



Conclusions
and future developments

In the present work the study and development of three hypothetical mag-
netic steering systems is performed by designing a device for the generation
of controlled magnetic fields and employing it in the actuation of three mi-
crorobot prototypes.

The magnetic field generating device is designed and dimensioned in order
to employ it as a component of a magnetic steering system for microrobots.
The developed device is validated and it has shown the following abilities:

e generation of static magnetic fields and gradients controlled by the user;

e calculation of the requested magnetic fields in order to obtain a de-
sired motion speed, on the basis of a model of interaction between the
generated magnetic fields and the object;

e real-time visualization and acquisition of the images of the workspace;

e off-line individuation of the object position by means of image elabo-
ration;

e evaluation of the performances of magnetic steering systems;

storing of experimental data.

The magnetic field generator is a platform used for testing the propulsion
of various microrobot prototypes by the pulling propulsion method. More-
over, by means of the abilities of real-time images acquisition and elaboration,
the platform has allowed an evaluation of the performances of the tested sys-
tems. The developed test platform is, thus, a tool that could be employed
in the design and preliminary performance evaluation of future magnetic
steering systems.

Three different models of interaction between the generated magnetic
field and three microrobot prototypes, which are a permanent magnet, a
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polymeric microbead and a nanofilm, both loaded with super-paramagnetic
nanoparticles, are developed. The model of motion of the nanofilm is vali-
dated, since it predicts direction and speed of motion of nanofilms. No useful
results are obtained for the models of motion of the permanent magnet and
of the microbeads containing super-paramagnetic particles, because of static
friction. However, all the tests have highlighted some critical aspects that
must be considered in the design and development of future magnetic steering
systems for microrobots.

Future developments will regard the performances and capabilities of the
test platform; in particular the microrobot localization stage could be im-
proved both enhancing the image elaboration process and, in the case of
nanofilms, employing coloured nanofilms. The image elaboration process
could also be optimised, in order to allow real-time localization and tracking
of the actuated microdevice. Furthermore, in order to design clinically appli-
cable magnetic steering systems, a control loop based on a position feedback,
which requires real-time tracking, needs to be implemented. Furthermore, in
the case of cardiovascular applications, an innovative non-optic localization
method needs to be developed.

Finally, the future medical magnetic microrobots should be floating, pre-
venting static friction. In particular permanent magnets are too heavy to
float in body fluids. Their employment in swimming medical microrobots is
thus not suitable. Their embedding in polymeric structures could be consid-
ered, in order to avoid friction and sticking effects. The smallest commercial
permanent magnets have typical sizes of millimetres, which are not adapt
for microrobotics. The embedding of super-paramagnetic nanoparticles in
polymeric object demonstrated to be a feasible way for fabricating microde-
vices steerable by magnetic fields. Thus, magnetic-swimming microrobots
able to float in body fluids can be obtained embedding super-paramagnetic
particles in floating polymeric structures with a wide size range. Moreover,
since each particle is subjected to a different magnetic force, which depends
on the local magnetic field and gradient, if embedded in a highly deformable
structure, the resulting microrobot could be able to change its shape. Such
kind of deformation, obtainable also with static magnetic fields and gradients,
could facilitate the propulsion of microrobots in body fluids, both decreasing
the viscous forces and allowing the transit through small openings or blood
vessels.



Appendix A

Calculation of the currents

The main software interface, presented in section 3.4.2, allows the control of
the microrobot prototypes for the motion trials; selecting the type of micro-
robot prototype and specifying its sizes and the desired drag speed at the
centre of the workspace, the program automatically calculates and visualizes
the currents that must flow in the coils in order to generate the needed mag-
netic field and thus the requested velocity. The ideal and expected values of
drag speed, magnetic induction field and gradient are calculated along the
workspace and visualized in three different graphs. These calculations are
performed before the effective execution of the trial by calling an external
Matlab script and they enable the execution of the specified trial.

This step is of fundamental importance, since different microrobot proto-
types with different sizes obviously needs different fields and gradients, and
thus different currents, to move at a same speed. Furthermore, the drag
speed at the centre of the workspace can be chosen for each trial by the
user. Finally, in this stage the non-idealness of the coils are considered and
compensated.

A.1 Calculation of the ideal field and gradient

First of all, once selected the object and its size, and knowing the relative
magnetic parameters, the program calculates the magnetic induction field
and field gradient at the centre of the workspace needed to obtain the desired
drag speed. These are called “ideal” field and gradient, since the “real” field
and gradient, as described below, will coincide with the ideal one only in the
centre of the workspace. The same is for the drag speed.

The ideal field and gradient are calculated considering the three models of
motion of the microrobot prototypes described in chapter 2. For this reason,
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three different Matlab scripts, one for each kind of microrobot prototype, are
developed and selectively recalled.

A.1.1 Permanent magnet

The terminal speed of a permanent magnet steered by static magnetic fields
and gradients is directly proportional to the applied magnetic field gradient,
as described by equation 2.54

h
v (VBy) = ngM-VBO

from which the value of the ideal gradient can be easily obtained, as expressed

by

id f id
(A1) VB =

It is important to notice that there is not any dependence from the value of
the ideal magnetic field.

A.1.2 Alginate sphere

For a polymeric bead containing super-paramagnetic nanoparticles the situ-
ation is different: in this case the drag speed is function of both the applied
magnetic field and gradient, as expressed by equation 2.61

4, d,r?
Vo (BQ, VB()> = §XPM:T

ByV B,

Hence, we have only one condition and two variables to solve. For this
reason we need to impose an arbitrary second condition in order to univocally
determine both the field and the gradient. The choice made in this work is
to generate an ideal uniform magnetic field that allows having a positive
field along all the workspace, even in presence of a field gradient. Thus, the
magnetic field can be expressed in function of the magnetic gradient as

i Lws i
(A.2) Bl = - |VBY|
Consequently equation 2.61 can be rewritten as

4 Xpdprz Lws

(A.3) |vg! (VBgd)\_g T

(VB;)*
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which in turn gives

(A.4) VB = \/ S st |vid

The respective magnetic field can thus be obtained as

; 3 [urLws

A5 Bl =

( ) 0 2 2Xpd 0 ‘

It is important to notice that the value of the magnetic field is always positive,
while the gradient has the same sign as the desired drag speed.

A.1.3 Nanofilm

The case of a nanofilm containing super-paramagnetic nanoparticles is anal-
ogous to that polymeric bead one, since the magnetic interaction is mediated
by the same iron oxide particles. Moving from equation 2.68

2/3
2x,dyhl/? /

C(prpg)? BolV Il

[vo (Bo, VBy)| = [

where the speed and the gradient have the same sign and the field is always
positive, considering the same assumption as above

B(z’)d _ LWS |VBzd}

we obtain
2/3

2xpdphl? Ly (VBit)?
0

Clppup)'? 2

(A.6) lvi? (VBY)| = [

from which the needed magnetic field gradient can be calculated, as expressed
by

id| C(Pfluf vid 3/2
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A.2 Calculation of the currents

The currents that have to flow in the coils in order to generate the obtained
values of the magnetic field and gradient at the centre of the workspace can
be now calculated.

Moving from the effective parameters of the coils, the magnetic field and
gradient along the workspace of the effective system can be expressed as

(A.8)
.. Nl T?nean . NQTTQnean .
B (x,i1,12) = o - 3201 + s 3/2"2
rmean,l + (CC + 2) Tmean,l + ($ 2)
(A.9)
dB ( N _3,U0 NlTTQnean,l (.T + %) . N2T72nean,2 ($ - %) .
dr T, i1, 02) = bR 5211 2

5/2
[TTQnean,Q + <$ - %)2:|

we can obtain the real values of the magnetic field and gradient at the centre
of the workspace, as expressed by

|:T72nean,1 + (‘T’. + %)2:|

(A.10) By (i1,iz) = 4 MTiens + Natmeans
. 0(21,22) = 4l (4 ()
(492 s + L) (412 + L2)™

(A.11)
N17’2

mean,1

N2T2

mean,2

1+ 1
(47.%16@71,1 + L2)5/2 1 (4T7%rzean,2 + L2)5/2 2]

VB (i1, i2) = 24p0L [—

These equations can be rearranged to obtain two apparently independent
conditions

N1+ Ny
A12 By (Iy) =8 I
( ) 0 ( f> Ho T'mean,1 + T'mean,2 d
N1 + N.
(A.13) VB (I,) = 192410L kR

Tmean,l + 7,mecm,Z)
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in which we impose

(A.14)

Iy =

1 Tmean,1 + Tmean,2 Nl qunean,l 4 NQT?nean,Q .
Z 21 12
2 N+ N (4T3nean,l + L2>3/2 (4r72716an,2 + L2)3/2
(A.15)

N17“2

3
1 (Tmean,l + rmean,Q) mean,1

7 - Nor? .
’ 8 Nl - N2 (4r72necm,1 + L2)5/2 (4T72nean,2 + L2)5/2

mean,2

Once obtained the currents Iy and I, from equations A.12, the currents
11 and 75 flowing, respectively in the left and in the right coil can thus be
calculated.

A.3 Calculation of the real speed, field and gra-
dient

The obtained values for the currents flowing in the coils are then used to
current-supply the device for the generation of controlled magnetic fields.
Moreover, the real speed, field and gradient along the workspace are calcu-
lated, moving from the obtained currents, and returned to the interface, as
well.

The expected magnetic field and gradient along the workspace are cal-
culated substituting the currents in equations A.8. These results are then
employed to calculate the expected drag speed along the workspace from
equations 2.54, 2.61 and 2.68, respectively for the case of the permanent
magnet, of the alginate sphere and of the nanofilm.



Appendix B

Image data elaboration

B.1 Thresholding of the images

Here the procedure for the elaboration of the images of motion trials on three
microrobot prototypes is described. The images are acquired and stored
during the trial and subsequently elaborated by an algorithm developed in
Matlab, in order to extract the information regarding the position of the
tested magnetic microdevice. This elaboration is performed just after the
effective trial and the results are immediately displayed in the second page
of the window interface.

First of all, each image (1600x300 pixels obtained with a 4x hardware
vertical binning and thus corresponding to 1600 x 1200 pixels) is imported and
a preliminary noise cleaning is performed. Both a median (3x3 neighbor-
hood) and an average (5x5 convolution kernel) filter are used, thus obtaining
a reduction of both the shot and the Gaussian random noises. These oper-
ations are performed in order to prevent the arising of artefacts during the
subsequent steps of elaboration. The smoothing of the images caused by
the application of the average filter is not a problem for the purpose of the
elaboration.

Although the employment during the trials of a dedicated illumination of
the workspace, the acquired images present a non-homogeneous background,
which can be problematic in the thresholding stage. In order to prevent errors
due to the non homogeneity of the background, its local value is calculated
and subtracted from the image by means of a custom developed function.
This operation dramatically increases the accuracy of the object individua-
tion process; however, if the images are not acquired with a proper lighting,
the results of the background subtraction and of the whole object individu-
ation process are not satisfactory. Furthermore, this is a critical elaboration
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(a) original

(b) filtered

Figure B.1: Original and filtered image
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step for individuating nearly-transparent objects like the employed magnetic
nanofilms.

Figure B.2: Image after background subtracting

The images resulting from the background subtraction are then subjected
again to a noise cleaning with both a median (3x3 neighborhood) and an
average (15x 15 convolution kernel) filter, in order to eliminate eventual local
errors due to the previous operation. Finally, the effective thresholding of the
images is performed, obtaining black and white binary images. The threshold
is automatically calculated by a Matlab Image Processing Toolbox function.

B.2 Individuating the objects

The result of the thresholding operation is a black and white binary image.
Since all the objects are darker than the background, in the thresholded
images the object is black, while the background is white. The position of
the centre of mass of the object is thus considered to be in the centre of the
black area.

The objects have different shapes and, moreover, in the case of nanofilms,
which are nearly transparent, the previous described elaboration strategy do
not produce a single uniform black area, but rather a series of small black
spots coinciding with single or aggregated iron oxide nanoparticles dispersed
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Figure B.3: Thresholded image

in the film. For this reason the simple employment of built-in procedures for
the recognition of specific shapes is avoided. Instead, the used procedure is
the following: all the black zones are segmented and the relative geometrical
centres are individuated, then these points are used to calculate the expected
centre of mass. This point is assumed to coincide with the real centre of
mass of the object. However, this relatively easy method for centre of mass
individuation presents some limitations that can lead, in some case, to not
accurate results; In fact the calculation of the point of interest is based on the
assumption that the centre of mass exactly coincides with the geometrical
centre of the black zones. This assumption is not verified in the following
cases:

e errors in the thresholding process due to high variability of the bright-
ness of the background;

e presence of light reflections in the image that alter the individuated
shape of the object;

e not uniform distribution of the nanoparticles (in the case of nanofilms).

The results of the individuation process performed on all the set of images
relative to a single trial are then stored in a vector containing the evaluated
positions of the object during the entire trial. These values directly obtained
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by the individuation process are considered raw data and are displayed in
the interface as a dispersion of points. The time derivative of the position is
then numerically calculated to obtain the raw speed data, displayed in an-
other graph as a dispersion of point. Starting from these raw data, smoothed
position and speed trends are also calculated and then displayed in the inter-
face. Smoothed data are represented with solid lines in the respective graphs,
superimposed on the respective raw data.

Due to the limitation of the presented algorithm particular attention in
using it have been paid and a manual control of the less coherent trial results
have been done.

4 s o ,,,,,,,,,,,,,,,,,,, R e :

Y ................. ,,,,,,,,,,,,,,,,,,, ~ Measured daiéem
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Figure B.4: Raw and smoothed data
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