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”The science of today is the technology of tommorow”

- Edward Teller

Abstract
Minimally invasive surgery can be regarded as a revolution in surgical practices, providing shorter recovery periods for patients than open surgeries.
Cancer is a harmful disease, its treatments have many side-effects which
affect the human body. In this work, motion control of paramagnetic microparticles is achieved using a magnetic system with an open-configuration.
This control is done using an electromagnetic coil under microscopic guidance. The electromagnetic coil is fixed to the end-effector of a robotic arm
with 4 degrees-of-freedom to control the motion of the microparticles. The
end-effector follows a trajectory path which is the curvature of the vertebral
column. A closed-loop control of the robotic arm is done at the joint-space to
orient the magnetic field gradients of the electromagnetic coil towards a reference region. Point-to-region motion control is achieved at an average speed
of 286 µm/s along the z-axis and 178 µm/s along the x-axis. In addition, the
electromagnetic coil and the robotic arm achieves maximum position error of
100 µm, in the steady-state. The precise motion control of paramagnetic microparticles using a magnetic system with open-configuration provides broad
possibilities in targeted therapy and biomedical applications that cannot be
achieved using magnetic systems with closed-configurations.
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Chapter 1

Introduction

Microrobots would aid greatly in the practice of non-invasive and exploratory
surgery by accessing parts of the cardiovascular system in a safer and less invasive way than conventional catheters. Motion control of microparticles by a
feedback control-loop mechanism is of great interest in many disciplines, such
as biosciences and biomedical engineering. Wireless control of microstructures in fluids over large distances is a tremendous need in medicine, especially in cancer therapy. Minimally invasive procedures are linked with a
variety of patient-oriented benefits ranging from reduction of recovery time,
medical complications, infection risks, and postoperative pain to increased
quality of care, including preventative care. Cancer is a threatening disease to mankind, drugs which resist the cancer have many side-effects to
the whole body. At the small scales envisioned microrobots have the potential to perform tasks that are currently difficult or impossible, and they will
lead to the development of therapies that have not yet conceived. Although
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specific applications of microrobots are still in an early concept stage, the
direction in which the field is heading is rapidly solidifying these wirelessly
controlled devices make existing therapeutic and diagnostic procedures less
invasive and enable new procedures.
Cancer is the second leading cause of death, following heart disease, in
many parts of the world [1]. There are many types of treatments such as:
Chemotherapy, radiation therapy, immunotherapy, and hyperthermia but
most of these treatments have many side-effects. Although it is an effective treatment for many types of cancer, chemotherapy—like other cancer
treatments—often causes side-effects. The types and intensity of these sideeffects vary from person to person and depend on the type and location of
cancer, the treatment dose, and the person’s overall health. Chemotherapy targets cells that are actively growing and dividing. Although this is a
defining characteristic of cancerous cells, it is also a feature of some actively
growing normal cells, such as cells in the blood, mouth, intestines, and hair.
side-effects occur when the chemotherapy damages these healthy cells that
maintain the body’s function and appearance. Common side-effects caused
by traditional chemotherapy drugs include fatigue. Chemotherapy can cause
pain for some people, including headaches, muscle pain, stomach pain, and
pain from nerve damage, such as burning, numbness, or shooting pains (most
often in the fingers and toes). Pain usually diminishes over time, but some
people may have symptoms for months or years after chemotherapy has finished due to permanent damage to the nerves. Certain chemotherapy causes
loose or watery bowel movements. Preventing diarrhea or treating it early
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helps a person avoid becoming dehydrated (the condition when the body
does not get the amount of fluids it needs) or developing other problems.
Chemotherapy can cause nausea (an urge to vomit or throw up) and vomiting—a risk that depends on the type and dose of chemotherapy. With
appropriate medications, nausea and vomiting can be prevented in nearly all
patients.
Chemotherapy can affect sexual function and fertility (a woman’s ability
to conceive a child or maintain a pregnancy and a man’s ability to father
a child). Patients receiving chemotherapy may lose hair from all over the
body, gradually or in clumps. This side-effect most often starts after the
first several weeks or rounds of chemotherapy and tends to increase one to
two months into treatment. Most side-effects of chemotherapy disappear
at the end of treatment. However, some side-effects may continue, come
back, or develop later. For instance, certain types of chemotherapy are
associated with permanent organ damage to the heart, lung, liver, kidneys, or
reproductive system. In addition, some people find that cognitive functions
(such as thinking, concentrating, and memory) remain a challenge for months
or years after treatment. Nervous system changes can also develop after
treatment, and children who have received chemotherapy may experience
late effects (side-effects that occur months or years after cancer treatment).
Cancer survivors also have a higher risk of developing second cancers later
in life.
Moreover, only 0.1% of the drug dose injected during chemotherapy reaches
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the actual target; the other 99.9% end up in healthy tissue. Hence, a method
that allows for the delivery of drugs in a localized fashion for optimal efficacy
is required. Targeted drug delivery aims at enhancing the drug uptake of
the cancerous tissue, and the reduction of side-effects such as the damage
of healthy cells as well as the minimization of the required drug dose. A
significant challenge facing the untethered control of microparticles is the
delivery of power for mobility.
Many magnetic approaches show promise but are limited in several different
aspects. The main bottle-necks of magnetic drug targeting were identified
as the depth, precision, and utility of magnetic targeting. Magnetic gradient based pulling which is the most commonly used propulsion method in
magnetic drug targeting faces two main challenges: first, the magnetic force
scales with the volume and hence decreases by a power of 3 as the dimension
of the device decreases. Second, the magnetic gradient that is proportional
to the applied force decays by a power of 4 from the distance of the face of a
magnetic dipole. Hence, a variety of other control strategies have been proposed for wirelessly actuating magnetic structures. Methods include stickslip actuation by exploiting magnetically resonating structures or stick-slip
actuation induced by rocking magnetic fields exploiting low Reynolds number phenomenon through the oscillation of a transverse field and rotating
magnetic fields . Some of these focus on specific tasks in biological applications and are not applicable in the human body, whereas others specifically
target the human body as the intended environment for navigation. To
generate the desired magnetic field strength and orientation, the previously
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Figure 1.1: A schematic representation of the medical operation on a
human back using the targeted drug delivery. A robotic arm 1 fixed on
a medical table, carrying an electromagnetic coil 2 in its end-effector
which controls the motion of the microparticles injected inside the human
back 3 , resting on 4 which is the base table. The robotic arm is
controlled by 5 which is fixed on the carriage 6 .

proposed methods generally use Helmholtz coils, Maxwell coils, or various
combinations thereof, which entirely surround the physical workspace. These
systems also tend to use air-core electromagnets, which by comparison with
their magnetic-core counterparts are relatively easy to model and control,
but generate a significantly weaker magnetic field than electromagnets with
magnetic cores. Other work has proposed the use of permanent magnets,
which when actuated dynamically offer also manipulability in 3D. The main
drawbacks are safety and handling, since the magnet field cannot be switched
off instantly. One approach is based on wireless magnetic control. Magnetic
fields penetrate human tissue and are biocompatible to high field strength
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as commonly used in Magnetic Resonance Imaging scanners. By applying of
magnetic fields and field gradients, magnetic vehicles with incorporated or
attached drugs could be navigated through bodily fluids and directed to the
region of interest.
In this thesis, the magnetic manipulation system of 4 Degrees of Freedom
control of microparticles with average diameter 100 µm. The 4 DOF robotic
arm moves the microparticles inside a tube by means of electromagnet connected to its end-effector. The end-effector follows a trajectory path which
allows the microparticles to swim inside the tube containing water which
has same viscosity as the cerebrospinal fluid in the vertebral column. The
setup used is a simulation for a real medical operation on a human back, the
microparticles flow inside the vertebral column carrying the drug. The targeted microparticles deliver the drug to a specified region inside the vertical
column. The microparticles under the influence of the magnetic field swim
inside the cerebrospinal fluid to the targeted region as shown in Fig.(1.1).
The field of medical robotics contributes a lot in the medical field research.
Robots are capable of providing humans with more capabilities (accuracy
and precision), providing humans with more capabilities (accuracy and precision), scaling the motion of the surgeon, assisting humans (movement therapy), assisting the surgeon and reaching hard-to-access regions. Minimally
invasive surgeries allows for decreasing patient recovery time.
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Thesis Structure

Chapter 2 is a general discussion of various techniques and methods for the
control of the paramagnetic microparticles in different research . Chapter
3 explains the Modeling and Motion Control of the magnetic-based robotic
system using the forward and inverse kinematics of the robotic arm, all
results of the experiments are stated in chapter 4. Finally chapter 5 provides
conclusions and directions for future work.

Chapter 2

Literature Review

This thesis is determined to target a drug to a certain site inside the human
body. The mechanical system is designed and modeled for the vertebral
column in the back of a human. But how can a robot reach small sites and
been controlled wirelessly, and where is its circuitry.

2.1

Medical Robotics in Literature

The great idea is to use microrobots which are paramagnetic, named as
paramagnetic microparticles. The microparticles are used in all experiments
of this thesis. Micro and nanoparticles have many applications in medicine.
As discussed by Pankhurst et al. in [2], nanoparticles offer some attractive
possibilities in biomedicine because they have controllable sizes so as to be
used for a cell , a virus , a protein or a gene. They can get close to a biological
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entity of interest; they can be coated with biological molecules to make them
interact. They are also magnetic which means that they obey Coulomb’s law,
and can be manipulated by an external magnetic field gradient. One of the
applications of these particles is delivering the drug to a specific regions
and sites since most of the chemotherapy’s are relatively non-specific. The
therapeutic drugs are administered intravenously leading to general systemic
distribution, resulting in deleterious side-effects as the drug attacks normal,
healthy cells. For example, the side-effects of anti-inflammatory drugs on
patients who have chronic arthritis can lead to the discontinuation of their
use. However, if such treatments could be localized, then the continued use
of these very potent and effective agents could be made possible.
The main objectives are to reduce the amount of the systematic distribution
of the cytotoxic drug to reduce the side-effects, and to reduce the dosage
required. In targeted therapy, cytotoxic drug is attached to a biocompatible
magnetic carrier which is injected into the patient via the circulatory system to enter to the bloodstream. After injection a high gradient magnetic
fields are used to concentrate the complex at a specific target site. Once
the drug/carrier is concentrated at the target, the drug can be released either threw enzymatic activity or changes in physiological conditions such as
osmolality or temperature. The effectiveness of the therapy is dependent
on several physical parameters, including the field strength, gradient and
volumetric and magnetic properties of the particles. As the carriers (Ferro
fluids) are normally administered intravenously or intra-arterially, hydrodynamic parameters such as blood flow rate, ferro fluid concentration, infusion
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route and circulation time also will play a major role as will physiological
parameters such as tissue depth to the target site (i.e. distance from the
magnetic field source), reversibility and strength of the drug/carrier binding, and tumor volume.
In general, larger particles (e.g., magnetic microspheres, 1µm in diameter,
comprising agglomerates of SPM particles) are more effective at withstanding
flow dynamics within the circulatory system particularly in larger veins and
arteries. In most cases the magnetic field gradient is generated by a strong
permanent magnet, such as neodymium magnet, fixed outside the body over
the target site. Preliminary investigations of the hydrodynamics of drug
targeting suggest that foremost magnetite-based carriers, flux densities at the
target site must be of the order of 0.2 T with field gradients of approximately
8 Tm−1 for femoral arteries and greater than 100 Tm−2 for cartoid arteries
[3]. This suggests that targeting is likely to be most effective in regions of
slower blood flow, particularly if the target site is closer to the magnet source.
More recently, Richardson and others have developed mathematical models
to determine particle trajectories for a variety of field/particle configurations
in two dimensions, including consideration of their motion as they approach
the vessel wall [4].
As stated in [2] ,the carriers typically have one of two structural configurations: (i) a magnetic particle core (usually magnetite, or maghemite)
coated with a biocompatible polymer or (ii) a porous biocompatible polymer in which magnetic nanoparticles are precipitated inside the pores [5].

Literature Review

11

Cobalt/silica carriers are currently being investigated for their use in eyesurgery to repair detached retinas [6, 9]. Since the first magnetic polymer
carriers of the 1970’s, a variety of magnetic nanoparticle and microparticle
carriers have been developed to deliver drugs to specific target sites. The
optimization of these carriers continues today. Generally, the magnetic component of the particle is coated by a biocompatible polymer such as PVA
or dextran, although recently inorganic coatings such as silica have been
developed.

2.2

Microparticles in Various Studies

Microrobots have the potential to revolutionize many aspects of medicine.
Kubo et al. implanted permanent magnets at solid osteosarcoma sites in
hamsters and delivered the cytotoxic compounds via magnetic liposomes.
They reported a four-fold increase in cytotoxic drug delivery to the osteosarcoma sites when compared with normal intravenous (non-magnetic) delivery
[10], as well as a significant increase in anti-tumor activity and the elimination of weight-loss as a side-effect [11]. Brain tumors are particularly
difficult targets due to the fact that the drug must cross the blood brain
barrier. Pulfer and Gallo [12] demonstrated that particles as large as 1–2
µm could be concentrated at the site of intracerebral rat glioma-2 (RG-2)
tumors. Though the concentration of the particles in the tumor was low, it
was significantly higher than non-magnetic particles. In a later study the
group demonstrated that 10–20 nano mmagnetic particles were even more
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Figure 2.1: A schematic figure showing different medical microrobots
where 1 is sperm-inspired microrobots, which can be controlled by oscillating weak magnetic fields. This is designed by Islam Khalil along with
Sarthak Misra and colleagues at MIRA-Institute for Biomedical Technology and Technical Medicine at the University of Twente. 2 is a scanning
Electron Microscopy image of glass propellor-like microrobot. The microrobot has a helical tail to allow forward propulsion when rotating magnetic
fields are applied to it [7]. The MagnetoSperm 3 consists of a magnetic
head and a fexible tail. The magnetic head oscilates when the oscilating
magnetic fields are applied to it. This allows the tail also to oscilate and
propogate the MagnetoSperm forward [8]. The microrobots used in my
work is 4 which are paramagnetic microparticles of 100 µm average diameter (PLA Particles-M-redFplain from Micromod Partikeltechnologie
GmbH, Rostock- Warnemuende, Germany).

effective at targeting these tumors in rats [13]. Mykhaylyk and others [14]
recently had less success using magnetite–dextran nanoparticles but were
able to target rat glial tumors by disrupting the blood–brain barrier immediately prior to particle injection. As promising as these results have been
in [2], there are several limitations which include (i) the possibility of embolization of the blood vessels in the target region due to accumulation of
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the magnetic carriers, (ii) difficulties in scaling up from animal models due
to the larger distances between the target site and the magnet, (iii) once the
drug is released, it is no longer attracted to the magnetic field, and (iv) toxic
responses to the magnetic carriers. Recent pre-clinical and experimental results indicate, however, that it is still possible to overcome these limitations
and use magnetic targeting to improve drug retention and also address safety
issues.
The work of [15] proposed two assumptions that enable a different class of
magnetic manipulation systems to be created. The first is that if the sources
of the magnetic field can be decoupled, the fields can be individually computed and then linearly superimposed. In the case of air-core electromagnets,
this can be readily shown, but the introduction of magnetic cores makes it
more challenging due to their nonlinear nature. The second assumption is
that if a near-ideal soft-magnetic material is used for the cores, and the electromagnets are used within their linear regions, the first assumption can be
used with soft-magnetic cores. The resulting control is not stable as given by
Earnshaw’s theorem, which states that no stationary magnetic object can be
held in stable equilibrium by any combination of static magnetic or gravitational forces [16–18]. Earnshaw’s theorem can be regarded as a consequence
of the Maxwell equations, which state that electric and magnetic fields cannot have isolated maxima, as required for stable equilibrium. Hence, the
presented control requires visual feedback to compensate for the instability
in positioning which can be automated through closed-loop control and optimized by the use of high speed cameras. Moreover, at the micro-nano scale
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the pushing forces induced by the state of semi-equilibrium are relatively
weak due to the small magnetic moment of micro-sized objects. Also, at
the microscale, the laws of fluid dynamics at low Reynolds numbers apply
and damping increases since viscous drag forces dominate inertial forces. For
larger objects the damping can be artificially increased by the use of viscous
silicon oil to facilitate open-loop control. The described magnetic control
concept has been demonstrated for systems with large working distances as
the OctoMag, presented in [15], with a working distance of 65 mm. The
working distance describes the distance of the magnet to the center point
of the physical workspace. The term “magnetic workspace” can be used in
analogy to a robotic manipulator. Just as the reach of a robotic arm is physically limited to certain areas in space, any magnetic manipulation system
is constrained in the magnitude and orientation of reachable magnetic fields
and gradients.
Microrobots can be used for the localized delivery of chemical and biological
substances, as well as various forms of energy . Targeted drug delivery can
be used to simultaneously increase the concentration of drug in a region of
interest and reduce the risk of side-effects in the rest of the body. The term
targeted drug delivery is sometimes used to refer to therapies that target
specific cells or genes, but we use the term here to refer to the targeting
of a specific location in the body. If the microrobot is relatively large, it
may be possible to design specialized tools to accomplish the task. However,
for smaller microrobots, the microrobot itself will be the tool . Microrobots
can act as simple static structures whose positions are controllable. One of
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the first projects, named video tumor fighter initiated by the University of
Virginia at the end of the eighties [19–25] was aimed at moving a ferromagnetic cylinder (thermoseed) through brain tissue so that the cylinder could
reach a brain tumor. Once the tumor was penetrated, eddy currents heated
the thermoseed. Propulsion of the thermoseed was achieved magnetically by
induction coils. The required magnetic field gradients were as high as 5–7
T/m. Although not used in its original form, the technology is currently
applied to deflect ferromagnetic tipped catheters [26].
In biomedicine it is often advantageous to separate out specific biological
entities from their native environment in order that concentrated samples
may be prepared for subsequent analysis or other use. Magnetic separation
can be done by tagging the desired entity by a magnetic material usually
by coating with biocompatible molecules and then separating out via a fluid
based magnetic device by passing the fluid mixture through a region in which
there is a magnetic field gradient which can immobilize the tagged material
via the magnetic force . This force needs to overcome the hydrodynamic
drag force acting on the magnetic particle [2].
Magnetic separation has been successfully applied to many aspects of biomedical and biological research. It has proven to be a highly sensitive technique
for the selection of rare tumour cells from blood, and is especially well suited
to the separation of low numbers of target cells [27]. This has, for example,
led to the enhanced detection of malarial parasites in blood samples either
by utilizing the magnetic properties of the parasite [28] or through labeling
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the red blood cells with an immunospecific magnetic fluid [31]. In another
application, magnetic separation has been used in combination with optical
sensing to perform ‘magnetic enzyme linked immunosorbent assays’ [29, 30].
These assays use fluorescent enzymes to optically determine the number of
cells labeled by the assay enzymes. In a variation of this procedure, magnetic
separation has been used to localize labeled cells at known locations for cell
detection and counting via optical scanning [31].
The possibility of treating cancer by artificially induced hyperthermia has led
to the development of many different devices designed to heat malignant cells
while sparing surrounding healthy tissue [32]. Experimental investigations
of the application of magnetic materials for hyperthermia date back to 1957
when Gilchrist et. al [33] heated various tissue samples with 20–100 nm
size particles. One of the applications of the Iron oxide nanoparticles is to
encapsulation into target-specific agents, such as a liposome that is known
to localize in the bone marrow [34]. Dendrimer coatings comprising a highly
branched polymer structure that has a high rate of non-cell-specific binding
and intracellular uptake have also been used to good effect [35], as has the
use of lipofection agents, normally used to carry DNA into the cell nucleus,
to enable intracellular incorporation of the magnetic nanoparticles into stem
cells [36]. Magnetic nanoparticles have also been utilized for the in vivo
monitoring of gene expression, a process in which cells are engineered to
overexpress a given gene. This process leads to the production of increased
numbers of certain cell wall receptors, which in turn can be targeted using

Literature Review

17

specially coated nanoparticles, thereby allowing a differentiation between the
expressing cells and their surroundings [37].

2.3

Control Techniques of the Paramagnetic
Microparticles in Literature

MIS can be regarded as a revolution in surgical practices, providing much
shorter recovery periods for patients. Minimally invasive procedures are
linked with a variety of patient-oriented benefits ranging from reduction of
recovery time, medical complications, infection risks, and postoperative pain
to increased quality of care, including preventative care [38–42]. These procedures have a long, successful history, but the area has experienced two
particularly significant advances in the past decade. The first is the success of Intuitive Surgical’s da Vinci: a robotic, minimally invasive surgical
system. The second is the steadily increasing worldwide adoption of capsule endoscopy for gastrointestinal diagnosis. Both of these developments
illustrate the acceptance that a surgeon’s most important skill is cognitive
ability, whereas technical skills required for precision and dexterity can often
be delegated to appropriate technology. At the small scales envisioned, microrobots have the potential to perform tasks that are currently difficult or
impossible, and they will undoubtedly lead to the development of therapies
not yet conceived. Although specific applications of microrobots are still in
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an early concept stage, the direction in which the field is heading is rapidly
solidifying.
In traditional robotics, one generally compartmentalizes aspects of robot
design such as kinematics, power, and control. It is unlikely that miniature
devices that carry small electric motors and batteries can be effectively scaled
to sub millimeter sizes. In the design of wireless microrobots, fabrication is
fundamentally limited by scaling issues, and power and control are often
inextricably linked. This forces us to take a different perspective on microrobot design than that found in traditional robotics. Engineers must give up
intuition gained from designing in the macroscale world and instead rely on
analysis and simulation in microrobot design. Even then, only experimental
results will demonstrate the efficacy of a given microrobot design, as the
world experienced by the microrobot may be difficult to model accurately.
The world of a medical microrobot consists of fluid-filled lumens (i.e., tubes)
and cavities, as well as soft tissues. Medical microrobots must be designed
specifically to work in these environments, but the relative changes in the
size, geometry, and material properties of the environment within a given
procedure present design challenges. Consider, for example, a microrobot
designed to work in the urinary system. The microrobot would be inserted
into the urethra and would travel along this lumen to reach the bladder. If
the goal is to reach a kidney, the microrobot must first navigate the bladder,
which appears as a relatively large open cavity to the microrobot. To reach
the kidney, the microrobot must enter the ureter, which is a lumen that enters
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the bladder at an oblique angle, and then navigate to the kidney. Designing
a single microrobot that is able to negotiate these changing environments
is not trivial. Fluid flow in the microrobot’s environment also presents a
significant design challenge.
Consider a microrobot designed to work in the circulatory system. In addition to dealing with varying blood-vessel diameter, the microrobot must
compete against the pulsating flow of blood, which is significant to a small,
untethered device. Although designing functional medical microrobots is
challenging from an engineering perspective, the potential rewards are vast.
Wireless microrobots are an alternative to catheter-based approaches [43],
but they have fundamentally different engineering-design challenges. Tethered devices cannot act as permanent or temporary implants, and their maneuverability is limited once they reach the site of interest because some
DOF are no longer available for maneuverability. Furthermore, many internal locations of the body are either inaccessible or hard to reach in a tethered
fashion.
Microrobots are capable of carrying out complex sequences of operations,
potentially autonomously. However, true microrobots will likely carry out
relatively simple functions, in many cases supervised or directly teleported
by a clinician. This will be true in the near term because of the current state
of the art in technology; also, the scaling of physical effects will make the
downscaling of certain technologies fundamentally infeasible. Mathiew et al.
and his group introduced the first attempt to use an MRI system as a mean

Literature Review

20

of propulsion for a ferromagnetic body. The proposed mathematical model
conforms relatively well with the results of the experiments and indicates
that a clinical MRI scanner could be used to generate enough magnetic force
to move a ferromagnetic body in the cardiovascular system. It is important to specify that in much smaller diameter blood vessels, the problem of
propulsion is quite different. First, blood velocity decreases from more than
1 meter/s in the aorta to less than 1 mm/s in the capillaries. Moreover, in
small blood vessels, high shear rates and the Fahraeus-Lindqvist effect [44]
tend to reduce blood’s viscosity and hence the Reynolds number increases
and the drag coefficient decreases accordingly. Furthermore, the gradients
required to navigate a ferromagnetic core in small blood vessels such as capillaries for instance, are beyond the gradients that a clinical MRI system can
provide without the addition of a gradient coil especially designed to provide such propulsion gradients. As such, the model described in this paper
assumes a larger sphere propelled in a corresponding larger blood vessel.
A magnetic propulsion system for small devices in the human body was developed at Tohoku University. The system is composed of a screw-shaped
cylinder containing a magnet (1–2 mm in diameter and 8–15 mm in length).
By applying a rotating magnetic field, the device rotates around its main
axis and digs its way through tissues. The velocity of the device is a function of the magnetic moment, the number of revolutions of the magnetic
field/s and the pitch of the screw [45–53]. The use of magnetic gradients
to move objects is not recent. One of the first projects, named video tumor fighter (VTF) initiated by the University of Virginia at the end of the
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eighties [54–60] was aimed at moving a ferromagnetic cylinder (thermoseed)
through brain tissue so that the cylinder could reach a brain tumor. Once the
tumor was penetrated, eddy currents heated the thermoseed. Propulsion of
the thermoseed was achieved magnetically by induction coils. The required
magnetic field gradients were as high as 5–7 T/m. Although not used in its
original form, the technology is currently applied to deflect ferromagnetic
tipped catheters [44]. On the other hand a team at ETH Zurich recently
proposed to use Maxwell coils to generate magnetic field gradients in order
to produce propulsion forces for microrobots in body fluids [61].
In [62] experiments were conducted in order to measure the influence of
magnetic field gradients from an MRI system on a ferromagnetic sphere.
The experimental setup consisted of a cylindrical rigid polymethylmethacylate (PMMA) tube containing the ferromagnetic sphere acting against a flow
of water circulating though the tube. During propulsion, the excess of heat
in the coils is also a constraint. The cooling system for the gradient coils
in a standard MRI system is designed for imaging purpose and as such, it
cannot evacuate the excess of heat generated by the coils when used continuously at maximum amplitude. When used to propel a ferromagnetic core, a
larger duty cycle is required compared to imaging and thus, the temperature
of the coils is reduced during the experiments by applying lower gradient
amplitudes in order to increase the duty cycle. Water was used instead of
blood in these experiments. The reason for this choice was the necessity
to use a transparent fluid for monitoring by visual means. Blood’s density
and viscosity being, respectively, 1.05 and 3.5 times higher than water, the
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theoretical prediction of the use of blood instead of water in our experiments
taking these properties in account. Other existing clinical MRI systems can
generate 66 mT/m gradients, inducing up to 3.66 times more magnetic force
(with 100% duty cycle) than the MRI system used in the experiments. Using such a system with a ferromagnetic sphere of the same dimensions but
made of Permendur could generate up to 5.37 times more magnetic force
when a duty cycle of 100% is used. Theoretical calculations predict that
a Permendur sphere would have been able to withstand a 0.71 m/s water
mean velocity under the same experimental conditions. Although initially
these micro devices would not be capable of performing tasks at a level of
complexity equivalent to the catheter, they could be useful for simpler tasks
performed in remote sites, which are presently inaccessible to such existing tools. These tasks could include but are not limited to highly localized
drug delivery for chemotherapy, thermal treatment of tumors at selected
sites, on-site delivery of magnetic resonance imaging (MRI) contrast agents,
and carriers for bio sensing applications. Because the method of propulsion
should allow such a micro device to navigate through the cardiovascular system, the use of the normal blood flow itself must be considered only as a
complementary means of propulsion when the travel path is in the direction
of the blood flow. As such, it is essential to develop a mean of propulsion that
could also steer such a micro device independently from the direction of the
blood flow. Several means of propulsion embedded onto such a microdevice
have been proposed [63] and include the use of propellers, electromagnetic
and jet pumps, membrane propulsion ,and active mechanisms to crawl along
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the surface of the blood vessels. Although the methods of propulsion using
magnetic gradients are not new, the use of a MRI to propel such microdevices is new. Although constrained by the characteristics of clinical MRI
systems, this approach offers significant advantages at the system level when
compared to other methods. As a matter of fact, MRI system are already
implanted in hospitals and provide imaging, tracking, computation, analysis, human interface, gradient coils, cooling systems, real-time navigational
control, and several more aspects are tightly linked to the method of propulsion in order to realize a complete and effective system [64]. Finally, it was
found that an additional gradient coil could be necessary to provide enough
magnetic field gradients for the navigation of ferromagnetic cores in smaller
blood vessels.
Mathew and Martel also presented a study involved in the design of an MRIbased navigational platform for endovascular microdevices including microparticles [65] aimed at demonstrating the need for propulsion-dedicated
magnetic gradient coils and validating predictions of their amplitude requirements which were found to be 0.5 T/m. Another goal was to make
experiments concerning the behavior of an MRI-actuated magnetic suspension to study the impact of important parameters in steering of magnetic
particles in MRI scanners. The experiments showed that the microparticles can be steered toward a particular branch and the steering ratio can be
increased with higher magnetic gradients.
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Magnetic targeting traditionally aims at attracting circulating magnetic particles to a selected region of the body, using external magnets. The most
common targeting strategy relies on injecting the particles intravenously and
then positioning a strong magnet next to the tissue to be targeted. This
approach could improve tumor remission and reduce toxicity by lowering
dosages in healthy tissues. magnetic targeting in deep tissues is still limited
by the use of external magnets. In fact, the use of external magnets restricts
the targeting possibilities to organs that are close to the skin and does not
allow precise control over the trajectory of the magnetic particles. Motion of
these microrobots is based on several propulsion mechanisms. Some propulsion mechanisms are based on pulling the magnetic microrobots with the
magnetic field gradients [66–69]. However, these mechanisms are limited by
the projection distance of the magnetic field gradients. Another propulsion
mechanism was proposed by Bell et al. [70] and Sendoh et al. [71] which
deals with the morphology of the bacterial flagellum and on the generation
of rotating magnetic fields. The rotating fields allow the helical microrobot
to rotate [72], and hence moves without pulling by the magnetic field gradients. Some of these mechanisms depend on the catalytic reaction which
transforms the chemical energy into kinetic energy.
Gibbs et al. [73] presented a model to explain the driving force for spherical colloids, and further showed that the propelling force depends on the
surface tension of the liquid and the bulk concentration of hydrogen peroxide. Solovev et al. [74] and Mei et al. [75] have put forward a propulsion
mechanism based on the catalytic decomposition of hydrogen peroxide by
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micro tubular layers of platinum and silver, respectively. It has been also
shown that self-propelled micro jets can selectively transport relatively large
amounts of particles on-a-chip. Biological microrobots [76] have been used
by Martel et al. to execute non-trivial tasks such as micro-manipulation
[77], micro- assembly [78], and micro-actuation [79]. The propulsion mechanism of the biological microrobots depends on rotating their helical flagella
to move forward or backward along the external magnetic field lines [80].
This propulsion mechanism allows biological microrobots to benefit from the
larger projection distance of the magnetic field. Wang et al. [81] has studied the use of both fuel-driven and fuel-free, as well as ultrasound driven
propulsion mechanisms at nano and micro-scales. Although the previously
mentioned propulsion mechanisms provide solutions to key challenges in microrobotic applications, progress towards practical implementation has not
yet been accomplished. Mahoney et al. have demonstrated that the attractive forces acting on a magnetic microrobot can be converted into a lateral
force by rotating the actuator dipole according to an open-loop trajectory
[82]. This conversion allows for reducing the attractive component, assisting
the rolling of microrobots, and overcoming gravitational forces. Abbott et
al. have shown that pure torque can be applied on a soft- magnetic body
using magnetic fields of two dipole pair configurations [83]. The axial and
radial control of a helical robot have been presented by Fountain et al. [84].
Great efforts have been dedicated to develop and characterize new propulsion mechanisms, whereas only a few attempts have been reported to realize
practical applications based on closed-loop (feedback) control systems [85].
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A closed loop control by using Ultrasonic feedback is done by Evertsson’s
group. Evertsson et al. used a high-frequency ultrasound scanner to evaluate
the motion of super paramagnetic iron oxide nanoparticles, by developing an
algorithm based on quadrature detection and phase gating at the frequency
of interest [86], [87]. This algorithm could allow for providing feedback and
controlling the motion of nanoparticles under ultrasound guidance. Martel
et al. presented a medical nanorobotic interventional platform that uses
a magnetic resonance imaging for feedback of the position and control of
magnetic drug carriers, nanorobots, and magnetotactic bacteria in vivo [88].
This time-delay of magnetic resonance imaging system could cause instability
in the closed-loop control system and possibly limit the realization of the
control system in real-time. In [89] wireless magnetic-based motion control
of paramagnetic microparticles is achieved under ultrasound guidance. A
magnetic system is adapted to provide feedback from an ultrasound system
and a microscopic system. This adaptation allows us to achieve point-topoint motion control of microparticles based on the feedback provided by
the ultrasound system. Furthermore, it allows us to evaluate the accuracy of
the ultrasound-based control system using the microscopic-based controller.
Khalil et al. and his group demonstrate the wireless magnetic-based motion
control of paramagnetic microparticles under ultrasound guidance. This control is accomplished by pulling the microparticles using the magnetic field
gradients towards the reference position through feedback provided by an
ultrasound system. First, position of the microparticles is determined using
the ultrasound images. Second, calibration of the ultrasound-based tracking
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of microparticles is achieved and verified using a calibrated microscopic system. Third, the feedback provided by the ultrasound system is used in the
implementation of a proportional-derivative magnetic-based control system.
The microparticles used in the experiments are (PLA Particles-M-redFplain
from Micromod Partikeltechnologie GmbH, Rostock- Warnemuende, Germany, with an average diameter of 100 µm) and the microscopic system
which is essential for the calibration of the ultrasound system. First, the
microscopic system is calibrated. The microscopic system includes a Sony
XCD-X710 (Sony Corporation, Tokyo, Japan) 1024x768 pixels Fire Wire
camera. This camera is mounted on a Mitutoyo FS70 microscope unit (Mitutoyo,Kawasaki, Japan) using a Mitutoyo M Plan Apo 2 x / 0.055 Objective.
The results of this group showed that the microparticle is controlled at an
average speed of 125 µm/s and 191 µm/s under the microscopic and ultrasound guidance, respectively. The particles are contained in the center of the
coils and the position is tracked using a microscopic vision system. It is observed that the magnetic-based control system achieves maximum position
tracking error of 199 µm in the steady-state under ultrasound guidance.
For the same controller gains, maximum position tracking error of 79 µm
is achieved under microscopic guidance. Observed that the controlled microparticles follows a sinusoidal trajectory at an average speed of 94 µm/s
and 90 µm/s under the ultrasound and microscopic guidance, respectively.
For s-trajectory the controlled microparticle follows this trajectory at an average speed of 115 µm/s and 113 µm/s under the ultrasound and microscopic
guidance, respectively. Finally, demonstrated the motion control of a zig-zag
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Figure 2.2: An electromagnetic system with a configuration of 4 coils,
a container and a microscope.

trajectory at an average speed of 279 µm/s and 206 µm/s under the ultrasound and microscopic guidance, respectively. The deviation between the
average speeds calculated based on the ultrasound- and microscopic-based
control systems is due to the undesirable motion artifacts that are often
observed in the ultrasound images. They also observed that Positioning accuracy of the microscopic-based control system is approximately 52% better
than that of the ultrasound based control system due 2 aspects, the microns
to pixel ratio and the undesirable motion artifacts. Calibration of the microscopic and ultrasound system shows that the former provides 2.34 µm per
pixel, whereas the later provides 20.98 µm per pixel. Unlike the feedback
provided by the microscopic system, the ultrasound feedback is distorted by
the artifacts that limit the accuracy of our closed-loop motion control system.
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A microparticle with a diameter of 53 µm appears as a bright spot with a
diameter of 608 µm. Another approach to the wireless control of microrobots
is through externally applied magnetic fields [86]. These untethered devices
could navigate bodily fluids for minimally invasive surgical and diagnostic
procedures [87–90], or could be used as the end-effectors of micromanipulation systems [91], [92]. Many researchers have considered the control
of soft-magnetic beads [88], [89], [96], where a spherical shape simplifies
the control problem since there is no preferred direction of magnetization.
Most of the basic results needed for precise magnetic control of non-spherical
soft-magnetic bodies are available in the literature, but the difficulty lies in
the correct application of these existing results.
Abbott et al. provides a simple model for the magnetic torque and force
on a small axially symmetric soft-magnetic body. By combining disparatemagnetic models, his group creates a unified model that is continuous and
accurate for any applied field. They show that the knowledge of material
parameters such as permeability or susceptibility is relatively unimportant,
as the determination of magnetic torque and force is dominated by body
geometry and the saturation magnetization of the material. Providing the
torque and force on the body as a simple input/output mapping of the applied field, without the need to calculate the internal field. For each applied
field magnitude, there is an optimal field angle to maximize torque, by an
equation. Simply increasing the magnitude of the applied field is never an
optimal strategy to maximize torque. There is no theoretical limit to magnetic force, but the magnetic torque does have an upper bound that can be
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achieved with a finite and relatively low applied field. One aspect of this
model that is particularly important is continuity. For any given applied
field, the torque and force can be calculated on the body as they change
continuously with changes in the applied field. This continuity helps to invert the model so that, for a given desired torque and force, the necessary
applied field (magnitude, direction, and gradients) can be calculated. This
property is highly desirable for closed-loop control using magnetic fields that
are likely to vary between saturating and non saturating strengths. By designing a control system that generates continuous desired torque and force
trajectories, continuous desired applied-field trajectories will follow, and this
will avoid the types of discontinuities that cause problems in any physical
realization.
A polycrystalline body is assumed with many randomly oriented grains,
where the interaction of individual magnetic domains is neglected, as is the
effect of magnetocrystalline anisotropy. The hysteretic effects are negligible, which is also valid for many soft-magnetic materials. The body is also
assumed to be small relative to the local changes in the applied magnetic
field, such that the field can be assumed to change linearly across the volume
of the body. The magnetization model is formed with two distinct regions.
In the first region, which is valid at low applied fields, the magnetization
grows linearly with the applied field until it reaches a saturation magnitude.
In the second region, the constant-magnitude saturated magnetization vector rotates toward the applied field asymptotically as the field’s strength
increases. The magnetization model developed above combines disparate
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magnetic models in a way that has not been done previously. Although
continuity of the actual magnetization of the body would be expected, the
continuity of the model is nontrivial, since each of the disparate magnetic
models are simplifications of reality created under specific sets of assumptions. The magnitude of the magnetization is clearly continuous across the
transition between models. Although it is not, at first, obvious, it is also
possible to analytically demonstrate that the two models have a continuous
transition in the magnetization angle φ field strengths.
Next, magnetic torque was measured with a custom-built torque magnetometer. The torque data are compared with the model where constantmagnitude uniform fields are rotated with respect to the body. In each plot,
also included the theoretical maximum torque. The data confirm that our
simple model captures the salient features of the magnetic torque across applied fields. Other small errors in these plots are most likely accounted for
by the imprecision in machining a perfect ellipsoid at this scale, as well as inaccuracies in the torque magnetometer. In each of these plots, it is observed
an interesting and non-intuitive behavior that is predicted by the model.
The shift in the optimal applied-field angle is observed by varying the field
strength. This is observed, at certain applied-field angles, increasing the field
magnitude actually decreases the torque.
Finally, the force on the machined ellipsoid is measured due to the field of
a permanent magnet, using a custom-built measurement system. The field
along the dipole axis of the magnet is known accurately, and the force is
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measured with a precision scale as the ellipsoid is moved along the dipole
axis. It is found that magnetic force can always be increased by increasing
the directional derivatives in the applied field. However, there is an upper
bound on the magnetic torque that can be generated, due to the shape and
magnetic saturation. There is a formula to compute the optimal appliedfield direction to maximize torque for each applied-field magnitude. The
simplicity of the presented model will facilitate real-time wireless control, as
well as dynamic simulations, without the need for finite-element modeling

Chapter 3

Modeling and Motion Control
of the Magnetic-based system

In this work, suspension of the cluster of microparticles is achieved in a water
glass tube using a robotic arm with 4 DOF robotic arm by controlling an
electromagnet handled in its end-effector. This open configuration system is
controlled by a microscopic guidance. A closed-loop control of the robotic
arm is done at the joint space to move the end-effector for 5 cm following a
reference motion of sinusoidal and a square wave. The microscope is fixed on
a motion stage synchronized with the end-effector. The open configuration
setup provides wide possibilities in biomedical applications specially in the
vertebral column surgeries. The system simulates the real human back as
shown in Fig.(3.1), where the vertebral column is simulated as a tube of 40
mm , and the cerebrospinal fluid moving inside is modeled as water because
they have the same viscosity. The microparticles are supposed to carry
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Figure 3.1: Illustrative figure for the control of the microparticles by
using a magnetic-based robotic arm which is controlled by the forward
and inverse kinematics. The Control system uses the microscopic camera
as a feedback, which tracks the movement of the microparticles. The
Electromagnetic coil is controlled to suspend the microparticles proposed
to be injected in the vertebral column as shown.

the medical drug , and injected inside the vertebral column and driven by
means of magnetic field as these micro particles are paramagnetic which obey
coulombs law of magnetism.
This thesis proves that the paramagnetic microparticles can be used to reach
a hard to reach regions inside the vertebral column. The electromagnet fixed
in the end-effector of the robotic arm controls the motion of the microparticles inside the tube. Experiments show that the microparticles are suspended
inside the tube in the z- axis and moves along the x- axis. So the microparticles can swim inside the fluid to reach a given region besides that the robotic
arm can perform a certain path which is given such as a sinusoidal or square
trajectory paths.
A 6 DOF robotic arm is used, only 4 degrees are needed to move the electromagnet in a trajectory path. The motion of the robotic arm is controlled
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by the forward and inverse kinematics. By moving the robotic arm in the
x- axis, the microparticles are attracted by the magnetic field of the electromagnet which can drag the microparticles during its motion along the
x- axis. To have feedback, a microscope is used to capture the motion of
the microparticles inside the tube, and it is fixed on a motion stage to give
feedback threw the trip of the microparticles in the x- axis. The feedback of
the microscope is used to control the place of the microparticles.

3.1

Magnetic System Model and Control

Motion of the microparticles under the influence of the magnetic field gradients is in the order of micrometers. These microparticles are paramagnetic
with saturation magnetization of 6:6×10−3 Am2 /g, consisting of iron-oxide in
lactic acid which can be affected by means of magnetic fields to be directed
in a certain axis. In my experiments, the microparticles are suspended in
the z- axis and flows in the x- axis to reach a given region. This can be done
by the effect of the magnetic gradients of the electromagnet which is fixed
in the end-effector of the robotic arm.

3.1.1

Characterization of the Electromagnetic Coil

The magnetic fields generated using an electromagnetic coil along x-, y-,and
z- axis are measured using a calibrated 3-axis digital Teslameter (Senis AG,
3MH3A-0.1%-200mT, Neuhofstrasse, Switzerland) at fine grid that span the
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Parameter
Maximum Ii [A]
B(P) [mT]
Bx (P) [mT]
By (P) [mT]
Bz (P) [mT]
rp [µm]

36

Value
Parameter
Value
0.6
Number of turns 1600
7.5
∇(m(P))
0.9
∂B(P)
−1
4.0
[T.m ]
0.49
∂x
∂B(P)
−1
4.0
[T.m ]
0.37
∂y
∂B(P)
5.0
[T.m−1 ]
1.52
∂z
50
workspace
10×10

Table 3.1: Characteristics of the coil measured using a calibrated 3-axis
digital Teslameter, The magnetic fields are measured by moving the probe
of the teslameter using a planar motion stage throughout the workplace
of the microparticle. Fifth order polynomials are used to provide best
fits for the measured magnetic fields along x-, y- and z- axis and ( ∂B(P)
∂x ,
∂B(P)
∂B(P)
∂y , and
∂z ) are the magnetic field gradients. The B(P) is magnetic
flux, and ∇(m(P)) is the magnetic dipole moment at a point.

workspace of the microparticles. The coil is fixed with a parallel configuration
to the z- axis using the end-effector of the robotic arm. The magnetic fields
are measured by moving the probe of the teslameter using a planar motion
stage throughout the workplace of the microparticle. Fifth order polynomials
(yield minimum sum squares for error) are used to provide best fits for the
measured magnetic fields along x-, y- and z- axis as figured out in Fig.(3.2).
The input current to the coil is 0.6 A. The magnetic fields are measured at
the center of the workspace using a calibrated 3-axis digital teslameter. The
characteristics of the used coil is described in Table 3.1.

3.1.2

Control of the Microparticles

The motion of a microparticle is modeled as:

F(P) − 6πηrp Ṗ + V (ρb − ρf )g = 0,

(3.1)
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Figure 3.2: The measured magnetic fields along x-, y- and z- axis of the
coil [97]. This is measured using a calibrated 3-axis digital Teslameter.
The magnetic fields are measured by moving the probe of the teslameter
using a planar motion stage throughout the workplace of the microparticle. Fifth order polynomials (yield minimum sum squares for error) are
used to provide best fits for the measured magnetic fields along x-, y- and
z- axis.

where F(P) is the magnetic force on a microparticle at point P which is
given by:



e
F(P) = ∇ m(P) · B(P)I .

(3.2)

e
The m(P) is the magnetic dipole moment of the microparticle , I and B(P)
are the current input to the electromagnetic coil and the magnetic fieldcurrent map which is the induced magnetic field at a point P respectively.
Further, η and rp are the fluid dynamic viscosity and radius of the microparticle, respectively. Furthermore, V and ρb are the volume (rp = 50 µm)
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and density (1.4×103 kg/m3 ) of the microparticle, respectively, and g is the
acceleration due to gravity. This is controlled by the electromagnetic coil
in the end-effector of the robotic arm. The control suspends the microparticle in the z- axis and then the robotic arm moves in the x- axis to drag
the microparticle in the x- axis to a certain region against the gravity and
the buoyancy forces. The control loop diagram (3.3) describes the control
theory.
Magnetic-based robotic system for the motion control of paramagnetic microparticles using an electromagnetic coil. The particles are contained in
water inside a glass tube and their position P is determined using a microscopic system and a feature tracking software. The control system positions
the microparticles by controlling the position and orientation of the coil
through the robotic arm and its current input Ii (based on the given reference position Pref ). The generalized coordinates of the robotic arm and
control inputs, are represented by θ and ∪ respectively.
The red arrow indicates the microparticles. The loop starts by calculating the
error between the position of the microparticles using image processing from
the microscope and the targeted position Pref , this error is multiplied by a
PID gain which controls the current Ii of the coil which results in suspending
the microparticles in the z- axis. The motion stage enables the motion of
the microscope in the x- axis to update the control with the position values
of the z- axis.
The inverse kinematic stabilization system controls the output thetas of the
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Figure 3.3: An illustrative figure for the closed-loop control system
[97]. The feedback of the loop is the microscopic guidance which tracks
the microparticles flowing inside the tube containing water. The error is
calculated between the reference given position and the actual position of
the microparticles. The error is forwarded to a PID control which controls
the current of the electromagnet that suspends the microparticles inside
the tube in the z- axis. A trajectory path is given to the robotic arm by
means of the forward and inverse kinematics to move the microparticles
inside water in the x- axis. The microaprticles are controlled to flow from
a point to a given region.

robot following the trajectory path U given to the robot which is a sin wave
and a square wave. The feedback of this loop results in suspending the
microparticles in a certain region in the x- axis around a certain axis which
is the reference point in the z- axis.
The equations used in the control:



Z



e
∇ m(P) · B(P)I
= KP e + KD ė + KI

t

edt,

(3.3)

0

where KP , KD and KI are the proportional, derivative and integral gain
matrices, respectively. Further, e and ė are position and velocity errors,
respectively, and are given by

e = Pref − P

and

ė = −Ṗ,

(3.4)
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where Pref is a fixed reference position resulting (Ṗref = 0)
Substituting (3.3) in (3.1) yields the following error dynamics:

− ė + ζKP e + ζV (ρb − ρf )g = 0,

(3.5)

ζ = (KD + 6πηrp π)−1 .

(3.6)

where ζ is

Based on (3.5), the control gain matrices must be selected such that the
,
matrix ζKP is positive-definite. The magnetic field gradients ( ∂B(P)
∂x
and

∂B(P)
)
∂z

∂B(P)
,
∂y

that are required to pull the microparticle towards a reference

position (Pref ) can be determined by solving (3.3). These gradients can
be achieved by controlling the position of the end-effector of the robotic
arm with respect to the microparticle. The position of the microparticles is
determined using the microscopic system and used to determine the position
and orientation of the electromagnetic coil with respect to the microparticles.
In addition, the input current of the electromagnetic coil is used to change
the magnitude of the pulling magnetic force towards the reference position.

3.2

Mechanical Setup and Control

The setup consists of a base table where a robotic arm is fixed. A tube of
40 cm containing water, and the motion stage carrying the microscope.
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Figure 3.4: A magnetic-based robotic system for the wireless motion
control of paramagnetic microparticles. The inset shows a pair of microparticles moving towards a reference position under the influence of
the controlled magnetic field gradient. An electomagnetic coil is fixed to
the end-effector of the robotic arm. The microparticles are contained in
water inside a glass tube and are tracked using a microscopic system.

3.2.1

Kinematics and Control of the Robotic Arm

Six DOF robotic arm (DAGU ,Hi-Tech Electronic , Zhongshan, China) is
used having 6 servo motors between the connected links but only 4 degrees
are needed since the last 2 motors are fixed at a certain angle as shown in
Fig.(3.4). Servo 1 connects between the base of the robot and link 1. Servo
2, 3, 4 connect link 1 and 2, 2 and 3, 3 and 4 respectively. Servo 5 means
with tilting the end-effector by a certain angle. It is fixed at an angle of
0◦ or 180◦ which makes the end-effector parallel to link 5 so as the coil is
perpendicular to the base and the tube. The last motor is the gripper motor
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Figure 3.5: Kinematics of the robotic arm. The θi is the angle of
each motor, di is the perpendicular distance between zi - axis, ai is the
perpendicular distance between xi - axis and αi is the angle between xi axis where i= 1,...,4 .

which opens and closes, it is fixed at angle 70◦ to fix the coil . So the only
controlled motors are the first 4 servo motors which moves the robotic arm to
a certain point. To move the robot to a reference point, forward and inverse
kinematics are calculated on this robot to be used by the matlab program.
It is so important to study the kinematics of this robot , the position is given
to the inverse kinematics , to calculate the joint position for the coordinates
given , the error is calculated by the difference between the joint reference
position and the position feedback calculated by the forward kinematics.
The Denavit-Hartenberg parameters are described in Fig.(3.5) and all calculations are shown in table 3.2
The general transformation matrix between the frame of the base of the
robot and the frame of the end-effector is
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Link
θi
1
θ1
2
θ2
3
θ3 -90◦
4
θ4 -150◦

di
L1
0
0
0

ai
0
L2
L3
L4
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αi
90◦
180◦
180◦
0

Table 3.2: DH parameters for the Robot arm, where θi is the angle of
each motor, di is the perpendicular distance between zi - axis, ai is the
perpendicular distance between xi - axis and αi is the angle between xi axis.





 nx ox ax Px 




 n y o y ay P y 
,
A=


 nz oz az Pz 




0 0 0 1

(3.7)

where n, o , a are the orientation of the frame and the P is the position.




cosθ1


sinθ

1
1
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0



0

0 sinθ1
0 -cosθ1
1 0
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0 

,

2.5



1

where A10 is the transformation matrix that refer Frame 1 to Frame 0.

(3.8)
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cosθ2


sinθ

2
A21 = 

0



0

sinθ2
-cosθ2
0
0

(3.9)

0

8cosθ2 


0 8sinθ2 

,


-1 0



0 1

where A21 is the transformation matrix that refer Frame 2 to Frame 1.





sinθ3


-cosθ

3
3
A2 = 

0



0

-cosθ3
-sinθ3
0
0

0

8sinθ3 


0 -8cosθ3 

,


-1 0



0 1

(3.10)

where A32 is the transformation matrix that refer Frame 3 to Frame 2.





 A B 0 17A 




 B A 0 17B 
4
,
A3 = 


 0 0 1 0 




0 0 0 1

(3.11)

where A43 is the transformation matrix that refer Frame 3 to Frame 4 and
A, B are in eq.(3.12)
r
A=−

2

r
3
2 3
cosθ4 + 0.5sinθ4 , B = −
sinθ4 − 0.5cosθ4 ,
2
2

(3.12)

Modeling and Motion Control of the Magnetic-based system

A40 =A10 A21 A32 A43 .

45

(3.13)

A40 is the transformation matrix that refer Frame 4 to Frame 0 and is given
by multiplying each of the previous transformation matrices shown above.
The inverse kinematics is done by the feedback stabilization method where
the reference positions are used to calculate the targeted thetas which are
done by the servo motors of the robotic arm .The robotic arm can obey
any given target position, and by this the target trajectory given to the
end-effector is done .
The inverse kinematics follows this control rule to calculate the output thetas:

θ̇ = J−1 (θ)Ke,

(3.14)

where K is a positive-definite matrix, and thetas are calculated after the
integration of θ̇, this integration is done by setting, θ̇ 7−→ J−1 (θ)Ke, to
achieve stable integration of θ̇.
The output thetas are the orientation matrix for the 4 DOF robotic arm ,
where each angle is for every single servo motor by integrating θ̇.

θ̇ 7−→ [θ1 θ2 θ3 θ4 ]T .

(3.15)
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The θ̇ is equal to the inverse jacobian matrix J−1 (θ) multiplied by the gain
K and the error e
The inverse jacobian matrix is calculated as

J−1 (θ) = J(θ)T (J(θ)J(θ)T )−1 ,

(3.16)

where the jacobian matrix is defined as





J(θ) = 




∂x
∂θ1

∂x
∂θ2

∂x
∂θ3

∂x
∂θ4

∂y
∂θ1

∂y
∂θ2

∂y
∂θ3

∂y
∂θ4

∂z
∂θ1

∂z
∂θ2

∂z
∂θ3

∂z
∂θ4




.



(3.17)

The error is calculated by the difference between the reference position (xr )
or the target input position which is given to the end-effector and the position
calculated from the forward kinematics (xf ).
e is given by

e = x r − xf ,

(3.18)

where (xr ) is the reference position given to the end-effector , and (xf ) is the
position calculated from the forward kinematics of the robotic arm.

xf = φ(θ).

(3.19)
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The φ(θ) is the forward kinematics matrix containing the position coordinates and it is extracted from A40 (3.13) calculated in the forward kinematics.





 px 




xf =  py  .




pz

(3.20)

The K is a proportional gain, by increasing the gain; the efficiency of the
feedback system is better. So the control using the feedback stabilization
method starts by getting the error between a reference position (xr ) and the
position (xf ) calculated from the forward kinematics of the designed robotic
arm, this error is multiplied by a proportional gain and the inverse jacobian
matrix J−1 (θ). This results in getting the θ̇ which is integrated to get the
final θ. The system stabilizes till the error is minimized to approximately
zero upon increasing the value of the proportional gain is a positive definite.
The position of the end-effector is used to calculate the generalized coordinates at the joint space by integrating the kinematical equation in the
velocity level as shown:

ẋf = J(θ)θ̇.

(3.21)

This integration is done by setting, θ̇ = J−1 (θ)Ke, to achieve stable integration of ẋf
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Figure 3.6: This figure shows the loop controlling the inverse kinematics
calculations. The eq.(3.14) is the control equation, where K is a positivedefinite matrix, and thetas are calculated after the integration of θ̇, this
integration is done by setting, θ̇ 7−→ J−1 (θ)Ke, to achieve stable integration of θ̇. The output thetas are the orientation matrix for the 4 DOF
robotic arm , where each angle is for every single servo motor as shown
in eq.(3.15).

The Lyapunov function is set as:

v(t) = eT e,

(3.22)

Taking the time-derivative of (3.22) yields

v̇(t) = 2eT ė,

(3.23)

where ė is equal to the derivative of the error calculated in equation (3.18):

ė = −ẋf ,

(3.24)
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substituting (3.21) in (3.24) yields

ė = −J(θ)θ̇,

(3.25)

v̇(t) = −2eT J(θ)θ̇,

(3.26)

substituting in (3.23) yields

by replacing J(θ)θ̇ by Ke from (3.14)
so v̇(t) can be written as
v̇(t) = −2eT Ke,

(3.27)

Therefore, setting this equation results in negative-definite time-derivative
of the Lyapunov function. This allows us to integrate eq.(3.3) to solve for
the generalized coordinates that achieves a desired spatial orientation of
the end-effector and the electromagnet with respect to the position of the
microparticles. This spatial orientation direct the magnetic field gradients
towards the reference position. This level of control allows the microparticles
to be suspended inside the glass tube and move towards the reference positions under the influence of a magnetic field gradient. So by this control, the
end-effector can follow any given position by using the feedback stabilization
to convert any given path into a set of angles to be given to the servo motors
by using a control circuit.
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In this thesis, a trajectory path is given to the robotic arm while suspending
the microparticles inside the glass tube. The electromagnet fixed in the endeffector is controlling the motion of the microparticles. The trajectory path
is given to (xr ) in the above equations.
The first path is designed to be a sinusoidal wave

z = 0.15sin(x) + 1.65.

(3.28)

This equation draws the profile of a sinusoidal wave by the robotic arm. The
values along the x- axis are plugged in this equation to move the arm along
the z- axis. So when the robot moves in the x- axis, the x- axis follows a sin
wave according to this equation.
The sin function is multiplied by 0.15 to decrease its amplitude, by experiments the maximum distance to suspend the microparticles in the tube using
the electromagnet with properties mentioned above is 1.8 cm. So the equation is designed to make a sin wave oscillating around the value of 1.65 cm,
its maximum distance is 1.8 and minimum distance is 1.5 cm.
The designed wave completes its cycle in 5 cm, so for the targeted motion
of 5 cm, 2 waves and half will be moved by the end-effector of the robotic
arm. The input X is in degrees, so a 1 cm is equal to 180◦ , so every 0.1 cm
is equal to 18◦ .
Another trajectory path is followed which is the square wave.
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The designed wave is exactly the same wave designed in the sin wave following this equation:
∞
4 X sin(2π(2n − 1))
,
z=
π n=1
(2n − 1)

(3.29)

where z is the position of the robotic arm in the z axis, n is the number of
square waves. The output of the equation is given to the reference position
of the inverse kinematics to be converted into thetas for the motors.




 xi 




xr =  y  ,




zi

(3.30)

where (xr ) is the path of the robotic arm in the x- axis. The x path is
divided into a set of points, which are used to calculate the exact set of z
points. A stream of points are sent to the reference position and the matlab
simulink calculates the error between each round of points using the same
time sequence and the points calculated by the forward kinematics. The yaxis is constant along the tube, it is fixed at a distance of 23 cm from the
robotic base.

3.2.2

Motion Stage Control:

The microscope is fixed on the motion stage which moves in the x- axis.
The motion of the stage is synchronized with the trajectory motion of the
end-effector by using the same time sequence in the matlab simulink. The
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Figure 3.7: The motion stage 6 carrying the microscope 5 track
the micropartciles 1 which are suspended by means of a robotic based
system 3 and the coil 2 in the tube 4 containing water.

resulting velocity for both motion stage and the end-effector is 0.0172 cm/s
in the x- axis.
The motion stage in Fig.(3.8) is controlled by the Arduino control board
(Arduino Mega 2560, Arduino, Memphis, Tennessee, U.S.A), which starts
its motion after the suspension of the particles inside the tube and moves
along the x- axis carrying the microscope. The motion stage is connected
to a stepper motor, which is controlled by a stream of square waves. The
frequency of the square waves must be equal to the time sequence of the
motion of the end-effector. The stepper motor rotates a shaft upon which
the stage is meshed. Due to this meshing, the rotary motion is converted to
a linear motion.
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Microscopic Guidance and Image Processing:

In this thesis, microparticles are used of 100 µm. Normal camera can not
track the microparticles inside the fluid. A microscope is used which can
zoom 400X and can track the microparticles swimming in the tube. The
field of view of the microscopic system is set to 10 mm, 10 mm along x- and
z- axis.
Calibration of the microscope and Frame connections:
To calibrate the microscope, the output pixels must be converted into cm
to relate all dimensions of motion together. So the microscope is calibrated
using a ruler, and each 1 cm is equal to 415 pixel where the frame of the microscope is 480×640 pixels. Upon motion of the microparticles, the tracking
dimensions must be related to a reference position to accurately calculate
the error of the position of the microparticles. The reference frame is the
robotic base and all frames are related to it. To track the microparticles (object), translation frames are done from the robotic base frame to the center
of the microscope camera to the side of the microscope to the object itself
according to these transformation matrices:

Cs Object
c
AObject
= AC
,
Rb
Rb ACc ACs

(3.31)
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where




c
AC
Rb

 1 0 0 0 




0
1
0
23


.

=

 0 0 1 −3 




0 0 0 1

(3.32)

This describes the transformation frame from the robotic base (origin) to the
center of the camera. The microscope camera is 23 cm far from the origin in
the y- axis and 3 cm in the negative z- axis (downward). The x is the same
because the center of the camera is centered with the origin in the x- axis.
The orientation is also the same without any rotation.



s
AC
Cc

 −1 0 0


 0 1 0
=

 0 0 −1


0 0 0

320
415






3 
,

240 
415 

1

(3.33)

This matrix describes the transformation frame from the camera center to
its side . There is a rotation about the y axis by 320 pixels in the x- axis and
240 pixels in the z- axis . By multiplying



AObject
Cs

1
415

to convert each pixel to cm.



 1 0 0 X 




 0 1 0 −3 
,
=


 0 0 1 Z 




0 0 0 1

(3.34)
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Figure 3.8: A figure showing the transformation matrices of the frames
of the robotic based system. The world frame is the base of the robot (Rb ),
all frames are related to it. The microparticles are related to the base
frame. The microscope tracks the microparticles by this transformation
c
matrix (AObject
). The microscope is related to the base by (AC
Cs
Rb ) and
s
(AC
Cc ) is the transformation matrix between the center of the camera and
its side which tracks the microparticles. To relate the microparticles to
the base of the robot, (AObject
) is calculated in eq.(3.31).
Rb

This matrix is the transformation frame from the side of the camera to the
object (microparticle). Here the object can be accurately tracked where X
=

1
x
415 pixel

and Z =

1
z
.
415 pixel

AObject
results by multiplying all of these transformation matrices, frame of
Rb
the object is linked to the origin which is the robotic base of the system.
The robotic arm is fixed on the base table which is made of acrylic. A
tube of 4 cm diameter is containing water having the same viscosity of the
cerebrospinal fluid moving in the vertebral column. The microparticles swim
inside the tube by means of magnetic fields from the coil.
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Electronic Circuit Control

The robotic arm is controlled by 6 servo motors. Each motor has 3 wires, 2
wires are connected to the power supply of 5 v and the third wire is connected
to the controller (Arduino Mega). The last 2 servo motors are not controlled
which means that they have constant values in all experiments from the
controller. The end-effector servo motor is gripping the coil and servo 5 is
linking link 5 with link 6 and is constant at an angle 180◦ which makes the
coil parallel to the x- axis of motion. The first 4 servo motors are connected
to 4 pins on the arduino so that the (xr ) (trajectory motion) is forwarded to
them by means of the inverse kinematics using the matlab simulink. The coil
is connected to a power supply of 12 v at a range of 0 to 0.6 A by means of a
current driver. The coil is connected to the arduino which gets signals from
the matlab simulink. The motion stage motor is connected to 12 v power
supply and to a stepper motor driver. The arduino mega needs a power of 5
v which can be imported from the USB cable connected to the computer.

Chapter 4

Experiments and Results

The experimental point-to-region motion control results are done using the
magnetic based robotic system explained in the last chapter. This system
consists of a robotic arm that controls the position and orientation of the
electromagnetic coil.
Closed-loop motion control of paramagnetic microparticles is achieved using
an electromagnetic coil attached to the end-effector of the robotic arm. The
position and orientation of the coil are controlled to orient the magnetic field
gradient towards the reference position. Also the current input to the electromagnetic coil is controlled to enhance the closed loop control characteristics
of the controlled microparticles, as opposed to the closed-loop control using
the the electromagnet. Fig.(3.3) shows a representative closed-loop control
of microparticles. The particles are controlled at an average speed of 178
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µm/s, and the peak-to-peak amplitude along z- axis is calculated to be 100
µm in the steady-state.
The microparticles can be controlled in the presence of a constrain on the
motion of the end-effector. We provide the end-effector with a reference
trajectory and the microparticles with a reference position which oscillates
around a reference axis. Therefore, the motion control system must provide
stable position tracking error for the microparticles and the end-effector at
the same time.
A representative motion control results is shown in this chapter to demonstrate the motion of the cluster of microparticles inside the tube showing its
suspension and the trajectory motion of the robotic arm end-effector carrying
the electromagnetic coil.
The first trajectory motion is a sine wave motion; its design is explained in
the last chapter in eq.(3.28). The sine wave motion is given as a reference to
the end-effector. Stream of points forming the sine wave are passed to the
inverse kinematics of the robotic arm to calculate the corresponding angles
to the servo motors of the robotic arm. This is shown in the results of this
representative experiment , a representative motion control result of a pair of
paramagnetic microparticles under the influence of the controlled magnetic
field gradient. The field gradients are controlled by the current provided
to the electromagnetic coil and the position of the end-effector with respect
to the microparticles. The end-effector is constrained to follow a reference
sinusoidal trajectory motion as shown in Fig.(4.1).
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Figure 4.1: The reference input and output map of the end-effector
of the sinusoidal trajectory path which follows the equation eq.(3.28).
The reference input to the inverse kinematics is in red. This is given to
the inverse kinematics of the feedback stabilization system and yields the
graph in blue color. The experiment is done for 5 cm which results into 2
waves and half.

Fig.(4.1) shows the trajectory motion of the end-effector, it follows the equation eq.(3.28). The reference input to the inverse kinematics is in red. This
is given to the inverse kinematics of the feedback stabilization system and
yields the graph in blue color. As shown, the robotic arm‘s end-effector
follows the equation where the axis of symmetry is 1.65 and the maximum
amplitude is 0.15 to assure that the magnetic field output is sufficient to
pull the microparticles inside the tube. The experiment is done for 5 cm
which results into 2 waves and half. During this trajectory motion, the coil
is controlled to oscillate the microparticles inside the tube and to drive them
in the x- axis. This is described in Fig.(4.2) and Fig.(4.3).
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Figure 4.2: The motion of the microparticles in the x- axis, The experiment is done for 5 cm which results into 2 waves and half. During this
trajectory motion, the coil is controlled to oscillate the microparticles inside the tube and to drive them in the x- axis as shown. Reference points
are given to the inverse kinematics of the robotic arm which moves and
by means of the electromagnet, the microparticles are moving inside the
tube indicated by the blue color. The red line is the reference position.

Fig.(4.2) and Fig.(4.3) show the propagation of the microparticles inside the
tube in the x and z- axis respectively given a reference position (5,-1.5). The
controller starts by controlling the z- axis only in the first 20 seconds which
assures that the microparticles are ready to move in the x- axis. Fig.(4.2)
shows that the microparticles are stand still in the x- axis in the first 20
seconds while Fig.(4.3) shows that the particles are suspended in the fluid
around the reference position -1.5 cm.
After 20 seconds, the end-effector starts moving in the x- axis and the microparticles are only driven in the x and z - axis by means of magnetic field
from the coil. The end-effector keeps moving in the given trajectory motion
till 260 seconds. At 260 seconds , the end-effector ends its trajectory motion
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Figure 4.3: The motion of the microparticles in the z- axis. During
the trajectory motion given, the graph shows that the coil is control the
motion of the microparticles to oscillate inside the tube in the z- axis as
shown in the blue color. The red line is the reference position that the
microparticles have to ossilate around.

and stops but the microparticles continue moving in the x- axis due to its
inertia and exceeds the reference position till it reaches 5.3 cm. This needs
the controller to further control its extended position to reach to 5 cm.
From 260 seconds till 450 seconds, the microparticles are controlled to reach
to its target position in the x- axis and at the same time it is oscillating in the
z- axis which is shown in Fig.(4.3). Finally, the microparticles are oscillating
around the given reference -1.5 and reaches the given targeted position (5,1.5). This representative experiment shows that the magnetic-based robotic
system moves the microparticles towards a reference position, while the endeffector is simultaneously following a sinusoidal trajectory. Observed that
the microparticles are controlled at an average speed of 178 µm/s. The
maximum position tracking error for the microparticles is calculated to be
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100 µm in the steady-state along x- axis.
The motion of the end-effector in a sinusoidal wave is shown in Fig.(4.1)
and the output thetas which are calculated from the feedback stabilization
system of the inverse kinematics are shown in Fig.(4.4) which explains the
different configurations of thetas by the variation of time and the movement
of the end-effector along its trajectory path. In Fig.(4.4), servo 1 starts its
motion from the angle 90 and as the end-effector moves along the x- axis and
decreases as long as the motion along x- axis till it stops after 260 seconds
at an angle of approximately 80 at the instant of 5 cm movement in the
x- axis. The other servo motors gives out different angles according to the
trajectory path given to the robot. Fig(4.4). shows that the all servo motors
are controlled by means of the inverse kinematics which is calculated by the
given series of point from the equation eq.(3.28).
The second trajectory motion is a square wave motion; its design is explained
in the last chapter in eq.(3.29). The square wave motion is given as a reference to the end-effector. Stream of points forming the square wave are passed
to the inverse kinematics of the robotic arm to calculate the corresponding
angles to the servo motors of the robotic arm. This is shown in the results
of this representative experiment. The given reference square wave is in red
and it is passed to the inverse kinematics of the controller. This results in
the motion of the end-effector after calculating the exact thetas to the servo
motors as shown in Fig.(4.5). The end-effector follows this given trajectory
motion for 5 cm which results into 2 waves and half.
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Figure 4.4: The output generalized coordinates of each servo motor
during the trajectory path of a sinusoidal wave. Servo 1 starts its motion
from the angle 90 and as the end-effector moves along the x- axis and
decreases as long as the motion along x- axis till it stops after 260 seconds
at an angle of approximately 80 at the instant of 5 cm movement in the
x- axis. The other servo motors gives out different angles according to
the trajectory path given to the robot. The figure shows that the all
servo motors are controlled by means of the inverse kinematics which is
calculated by the given series of points from the equation eq.(3.28).

Fig.(4.6) and Fig.(4.9) shows the propagation of the microparticles inside the
tube in the x and z- axis respectively given a reference position (5, -1.5). The
controller starts by controlling the z- axis only in the first 20 seconds which
assures that the microparticles are ready to move in the x - axis. In Fig.(4.6)
the microparticles are stand still in the x- axis in the first 20 seconds while
Fig.(4.9) shows that the microparticles are suspended in the fluid around the
reference position -1.5.

Experiments and Results

64

Position of the End−effector in the z direction [cm]

1.85
Refrence Input
Output
1.8

1.75

1.7

1.65

1.6

1.55

1.5

0

1

2
3
4
Position of the End−effector in the x direction [cm]

5

6

Figure 4.5: The square wave reference input and output map of the
end-effector which follows the equation eq.(3.29). The reference input to
the inverse kinematics is in red. This is given to the inverse kinematics of
the feedback stabilization system and yields the graph in blue color. The
experiment is done for 5 cm which results into 2 waves and half.

After 20 seconds, the end-effector starts moving in the x- axis and the microparticles are only driven in the x and z - axis by means of magnetic field
from the coil. The end-effector keeps moving in the given trajectory motion
till 260 seconds. At 260 seconds, the end-effector ends its trajectory motion
and stops but the microparticles continue moving in the x- axis due to its
inertia and exceeds the reference position till it reaches 5.3 cm. This needs
the controller to further control its extended position to reach to 5 cm. From
260 seconds till 450 seconds, the microparticles are controlled to reach to its
target position in the x- axis and at the same time it is oscillating in the zaxis which is shown in Fig.(4.9). Finally, the microparticles are oscillating
around the given reference -1.5 and reaches the given targeted (5,-1.5).
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Figure 4.6: The motion of the microparticles in the x- axis, the experiment is done for 5 cm which results into 2 waves and half. During the
trajectory motion of the square wave, the coil is controlled to oscillate
the microparticles inside the tube and to drive them along the x- axis as
shown. Reference points are given to the inverse kinematics of the robotic
arm which moves and by means of the electromagnet, the microparticles
are moving inside the tube indicated by the blue color. The red line is
the reference position.

This representative experiment shows that the magnetic-based robotic system moves the microparticles towards a reference position, while the endeffector is simultaneously following a square wave trajectory. Observed that
the microparticles are controlled at an average speed of 166 µm/s. The maximum position tracking error for the microparticles is calculated to be 200
µm in the steady-state along x- axis.
The motion of the end-effector in a square wave is shown in Fig.(4.5) and the
output thetas which are calculated from the feedback stabilization system
of the inverse kinematics are shown in Fig.(4.8) which explains the different
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Figure 4.7: The motion of the microparticles in the z- axis. During
the trajectory motion given, the graph shows that the coil controls the
motion of the microparticles to oscillate inside the tube along the z- axis
as shown in the blue color. The red line is the reference position that the
microparticles have to ossilate around.

configurations of thetas by the variation of time and the movement of the endeffector along its trajectory path. In Fig.(4.8), servo 1 starts its motion from
the angle 90 and as the end-effector moves along the x- axis and decreases
as long as the motion along x- axis till it stops after 260 seconds at an angle
of approximately 80 at the instant of 5 cm movement in the x- axis. The
other servo motors gives out different angles according to the trajectory path
given to the robot. Fig(4.8). shows that the all servo motors are controlled
by means of the inverse kinematics which is calculated by the given series of
point from the equation eq.(3.29).
As shown the magnetic based robotic system can move according to a given
reference trajectory.
In comparison, the control upon designing the square wave in the z- axis is
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Figure 4.8: The output generalized coordinates of each servo motor
during the trajectory path of a square wave. Servo 1 starts its motion
from the angle 90 and as the end-effector moves along the x- axis and
decreases as long as the motion along x- axis till it stops after 260 seconds
at an angle of approximately 80 at the instant of 5 cm movement in the
x- axis. The other servo motors give out different angles according to
the trajectory path given to the robot. The figure shows that the all
servo motors are controlled by means of the inverse kinematics which is
calculated by the given series of points from the equation eq.(3.29).

better than the control of the sine wave using the same P gain. The square
wave has constant amplitude during the whole control which is the maximum
amplitude. However the sine wave has varying amplitude which varies from
0 to 0.15.
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Figure 4.9: Illustrative figure showing the motion control of the microparticles along the z- axis and x- axis. The electromagnetic coil fixed
in the end-effector of the robotic arm is controlled to suspend the microparticles inside the tube full of water, the microparticles move along
the x- axis while propagating in the z- axis. A given trajectory path is
given to the end-effector which starts from a given point indicated in the
white circle to a reference position indicated in the red circle. This trajectory path is controlled by the inverse kinematics of the robot. During the
path, the microparticles are moving inside the tube due to the magnetic
guidance of the coil which is controlled as shown in Fig.(3.1).
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Chapter 5

Conclusion and Future work

Closed-loop motion control of paramagnetic microparticles is achieved using
an electromagnetic coil attached to the end-effector of the robotic arm. The
position and orientation of the coil are controlled to orient the magnetic field
gradient towards the reference position. This thesis explained the work on
100 µm paramagnetic particles, where a cluster of microparticles are driven
from a point to a region in a tube of 40 mm full of water. The motion of
the microparticle is in the x direction suspended in the z direction about a
reference axis. In a representative experiment of different trajectory motions
for the robotic arm, a sine and a square wave are given to the robotic arm
to follow. An electromagnetic coil is fixed in its enedeffector controlling the
motion of the microparticles inside the tube by means of magnetic field with
an average velocity of 200 µm. The inverse kinematics feedback stabilization
system controls the motion of the robotic arm, so as the robot follows any
given trajectory motion.
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The microparticles can be suspended inside the fluid and move in a perpendicular axis to the suspension. So the thesis propose that the microparticles
can carry the drug and move in the vertebral column. This shall make a
revolution in the medical therapy, future robots are going to help in medical therapy where the drug can reach its target automatically without the
physician. The only guide is just a map for the drug carriers to follow.
From this point, I can recommend a very important topic for research which
is avoiding obstacles inside the human body specially in blood and in the
cerebrospinal fluid in the vertebral column so as to avoid any obstacle during
its trip to its target. For future work, virtual obstacles can be used in the
tube and the controller has to avoid them. Moreover, the microparticles can
be controlled in a smaller tube having curves which simulate the curvatures of
veins and arteries. In addition, our system will be modified by replacing the
microscopic vision system with a clinical imagine modality, and the motion
control will be done in the presence of a flowing stream of the a fluid.
This thesis discusses how to benefit from those microscale particles using a
macroscale real robot to target the drug from place to another in the vertebral
column. Using the microscale helps the drug to reach the hard areas inside
the body. The vertebral column is simulated as tube containing water which
simulates the cerebrospinal fluid. By this, the drug can be delivered to the
infected tumor directly without affecting the whole body.
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