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CONTROLE ET ETUDE DE MICROROBOTS MAGNI:]TIQUES MOBILES EN MILIEU
MICROFLUIDIQUE : NOUVEAUX OUTILS POUR LE BIOMEDICALE

Résumé

Dans le domaine du développement d’outils de micromanipulation de haute précision pour le
biomédical, les microrobots mobiles immergés font figures de technologie émergente prometteuse pour
des applications in-vitro, puis a plus long terme pour I’in-vivo. Mes travaux portent sur 1I’étude de la
propulsion de microrobots par voie magnétique dans des fluides circulant dans des microcanaux, a
une échelle ol les phénomenes d’adhérence et d’amortissement prévalent. Leur application pour des
opérations de transduction est développée dans un deuxieme volet. Un dispositif d’asservissement
par vision a haute fréquence d’échantillonnage ( SkHz) a été développé rendant possible le contrdle
sous champ magnétique uniforme ou gradient. Les performances du systeme ont notamment demandé
I’implémentation d’une interface multi-tiches afin de pouvoir acquérir et traiter les images en parallele
de I’actuation du robot. L’analyse de la dynamique permet de mieux appréhender les phénomenes
parfois imprévisibles liés au déplacement du robot, MagPol, intégré dans une puce microfluidique. 1l
peut réciproquement servir de capteur dans son environnement fluidique. Ce design original de robot
a été congu pour la micromanipulation et permet également d’explorer des nouvelles stratégies de
déplacement. Ces capacités ont été éprouvées sur des objets de méme taille qu’en biologie cellulaire
(billes, bulles). Enfin, une démonstration de I’asservissement visuel en planification de tiche a été
effectuée. Sous réserve de posséder un algorithme suffisamment performant, 1’échantillonnage haute
fréquence en temps réel devient possible et I’observation de performances sur des trajectoires com-
plexes est démontrée. Les performances, la portabilité et la reproductibilité du systéeme démontrent des
capacités de transduction a haut débit qui sont trés prometteuses pour 1’aspect applicatif.

Keywords : Microphysique, Microrobotique, Microrobot magnétique mobile, Micromanipulation, Mi-
crofluidique, Asservissement visuel, Vision.

Summary

In the research for new high performances tool for micrometric scale manipulation, mobile micro-
robots immersed are considered as a promising technology for in-vitro applications, and with a long
term view in-vivo. My work focuses on the propulsion study of mobile microrobots immersed in mi-
crofluidic channels controlled through electromagnets. At this scale, surface and damping phenomena
predominates. Application for transduction operation is developed in a second part. A high sampling
rate (= SkHz) visual servoing setup have been developed making a control possible through uniform
and gradient magnetic field. Performances of the system have notably required a multi-thread program-
med user interface to acquire and analyze the frame in parallel of the robot actuation. Dynamic analysis
allow to better apprehend the perturbation dynamics of the robot MagPol, integrated in a microfluidic
chip. It can reciprocally serve as a sensor for in fluidic environment. MagPol design has been originally
conceived for micromanipulation, and also allows to explore new displacement strategies. Its capacities
have been tested on beads and bubbles equivalent to cell biology characteristic size (10um—100um).
Finally, a demonstration of planned trajectory using visual servoing was accomplished. Though it has
required an algorithm sufficiently efficient, high frequency real-time sampling is possible and lead to
control and post observation on complex trajectory. Global performances, repeatability and portability
of our system has demonstrated its capacities as a high-throughput transducer, promising for single
microagent applications.

Mots-clefs : Microphysics, Microrobotics, Mobile Magnetic Microrobots, Micromanipulation, Micro-
fluidics, Visual servoing, Vision.
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Introduction

This thesis work has been achieved in Laboratory of Photonics and Nanostructures (LPN),
proper unit of research (UPR 20) of Centre National de Recherche Scientifique (CNRS). This
laboratory is one of the five national technological centers. I have been part of Nanoflu team
for my researcher formation and was financed by the Agence Nationale de Recherche (ANR)
in order to become an expert in micro-nanorobotics for medical application. The ANR name
was NOMAD coordinated by Dr. Gilgueng Hwang.

This PhD project has been proposed one year following my former master internship
project in Institut des Systemes Intelligents et de Robotique (ISIR, Universitée Pierre et Marie
Curie - Paris), 2011. The preliminary studies of helical nanobelts by developing a helmholtz
magnetic setup has brought me to consider better temporal resolution control and understand-
ing of magnetic phenomenon. Following bibliographical research and discussions with differ-
ent community, I figured out how crucial it would be to control microrobot dynamics before
starting applying this technology as a transducer.

The non-linear phenomena involved with surface effects require better control and un-
derstanding. The importance of the environment we developped our system was as much a
key point as controlling the propulsion magnetic forces. Micro & nanofabrication as well as
computer science are now sufficiently mature to explore both of these points. Microrobotics
experiences are considerably challenging in terms of instrumentation, particularly in liquids
where interfaces effects become predominant. Microfluidic chips offer the most adapted ex-
perimental platforms and we relied on LPN know-how to adapt it for microrobotic usage. It
has allowed us to conduct our research in a virtuous circle of development, where the chip
constitutes a perfect environment for exploring robot’s hydrodynamics on one side and a tool
for in-vitro manipulation on the other-side.

— Chapter I introduces technical and application background of microrobotic, with dif-
ferent axes of development and different approaches. It will help the reader to appre-
hend my PhD work and the direction we will explore for biomedical applications.

— Chapter II details the technological development achieved at LPN to provide a
unique microfabrication process of integrated microrobots in microfluidics, controlled
through magnetic waves. We underline the design challenges to combine an exter-
nal magnetic circuit to a microrobotic visual control loop. Relying on a transparent
PDMS-Glass chip technology, we can control border conditions (surfaces) and their
impact on the microrobot, named MagPol (for Magnetic Polarizable microrobot). This
technique also allows to work with an optical feedback in transmission for high sam-
pling rate imaging.

— Chapter III deals with the real-time open-loop control of microrobot with a human-
computer interface. Motion capacities are explored using alternatively uniform field
or gradients. Some original motions and new manipulation strategy are proposed and
demonstrated on micro scale objects.

— Chapter 1V is dedicated to the post-treatment analysis of acquired fast performances
in fundamental mode of motions (planar translation and rotation). We build a model
based on literature of the robot environment forces and deduce a direct relation be-
tween physical parameters and the robot time-response. Using the adapted tracking
algorithm, we can better understand the robot motion in microfluidics and extract sens-
ing capacities from it.
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— Chapter V focuses on the high sampling rate visual servoing. Using a sufficiently
fast shape detection algorithm for tracking position, we can develop a path planning
command for complex trajectory. The importance of certain physical parameters as
well as control corrections are studied experimentally.
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26 MICROROBOTIC APPLICATIONS FOR BIOMEDICAL SCIENCES

This introductory chapter offers a general context on the study of mobile mi-
crorobots applications in microfluidics. The socio-economical context is a real
driving force for the development of new solutions in biomedical applications.
Combined with the current available technology, it justifies this work purpose.
Above all, this chapter attempts to describe why I have specifically worked in mi-
crofluidic environment as an original angle of mobile microrobots. Some of the
current challenges in biological sciences and medicine can be overcome thanks
to the fast-growing microrobotics sciences - a combination of recent advances
in robotics and microsystems. We will then focus on a still emerging technol-
0gy where untethered dynamic microrobots (mobile microrobotics) are studied
and controlled in a challenging physical environment: fluids at microscale. For
comparative purpose, we will define their capacities of swimmers compared to
biological organisms. Finally, we introduce a particular environment of devel-
opment for them with microfluidics, in which we can develop their capacities as
a useful and functional transducing tool at microscale inside the confined liquid
environment.

1 Microrobotic applications for biomedical sciences

Microrobotics [27] is a relatively young research field which might generate a revolution
in our exploration of microworld, particularly for biomedical engineering, for therapeutical
purpose as well as biological manipualtion and analysis. What justifies this revolution? What
are the current requirements for microrobotics development? This bibliographical section is
dedicated to provide answers to these questions through a synthesis, going sometimes beyond
the pure scientific purpose.

1.1 Economical and societal context

We define biomedical sciences as a set of applied sciences extended from biological sci-
ences with direct medical applications. It aims to develop knowledge, techniques, or tech-
nologies of use in healthcare or public health [28].

This field is also quite young and benefits of a growing interest in modern societies where
healthcare expenses represent a non-neglectable part of their gross product. Statistics from the
Organisation for Economic Co-operation and Development (OECD) reports [29] displays the
important volume of market that healthcare constitutes(Fig.1). The more specific example of
the budget of France [30] displayed 9.04% of its gross domestic product for health expenses
in 2012. Though recent economical crisis has positively increased this ratio, it confirms the
importance of this budget at our scale.

The continuous creations of global scale groups of research, start-ups and specialized
formation in Biomedical Engineering (BME) are important signal to show how attractive this
domain is [31,32]. Medical devices constitute one of the 34 targeted markets by French
governement in 2014. This strategy aligns to Europe’s Horizon 2020 program on Health
and well-being. The important framework that EU has recently develop for research and
innovation [33] contains 4 general axes summarized as:
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Figure 1: Overall gross domestic product percentage healthcare expenses in OECD countries
in 2011, France’s ranking 3" 4. Source:OCDE from Insee TEF 2014.

— improve our understanding of the causes and mechanisms underlying health, healthy
ageing and disease
— improve our ability to monitor health and to prevent, detect, treat and manage disease
— support older persons to remain active and healthy
— test and demonstrate new models and tools for health and care delivery
and 1.2 billions e are being invested in these challenges just for 2014/15.

All these axes will require a deeper exploration of cellular scale and beyond - i.e. scaling
down to um scale and below, developing new microtools. One key step is the automation of
these tools to improve healthcare quantitatively (speed, range of action) as well as qualitatively
(precision, resolution of control). Automation has been an important step in our industrial de-
velopment in the 20" century and has contributed to the accessibility and fast improvement of
many manufactured products. Robots have boosted the productivity to an impossible level for
human, has made interventions possible in the environment with extreme physical conditions
and is continuously overcoming user skill dependency [34].

Because of the population growth and ageing society, western societies have an urgent
and growing need in healthcare, to assist medical doctors (MDs) and other health practition-
ers as well as improving life quality of patients. Whether it is for medical diagnoses and
measurements, targeted therapy, or intelligent structures, the needs in automations applied to
microsystems will continue to increase in future.

1.2 Medical diagnosis challenges

One of the key issue in hospital and patient life lies in early medical diagnosis. With
increasing overpopulation, every part of the patients flow chain must be compressed and con-
sidered, minimizing their time in-situ. We do not study here the challenges in IT (information
technology) - though I had the opportunity during a short training in a medical staff to notice
it remains a important tool for diagnosis. This logistic issue is then a BME challenge in med-
ical diagnosis, see Fig. 2. Every link of the chain takes time to the patient and the hospital,
particularly diagnosis. It is a necessary preliminary to any treatment, and more importantly a
repeated control to screen early apparition of disease as well as progression of treatments. In
France, in-vitro diagnosis (IVDs) represented 1.77 billions e in 2010 - < 3% global market if
we refer to a recent study from Les Echos [35].
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Figure 2: Simplified flow chart displaying general patients chain of treatment.

Point-of-Care diagnosis (POC) The diagnosis that brings tests closer to the site of pa-
tient care, flexibility requires low consumption of reagents and sample, miniaturize devices,
and accelerate turn-around time for analysis. The short turnaround time and minimal man-
ual interference enable quick clinical decisions. Growth in the POC diagnostics is being
continuously fueled by the global burden of cardiovascular and infectious diseases. Early di-

agnosis and rapid initiation of medical treatment are crucial to the successful care for such
patients [36,37].

This technology contains 3 axes of development which are

— sample collection, concentration, and preparation [38]

— readout and signal transduction

— amplification and detection technologies
Many efforts are achieved in these directions, in microfluidic chip as well - see this further in
next subsection. Most of the time, POC are a simple test like on Fig. 3 measuring a quantity or
detecting a concentration. Some solutions can even be embarked, implanted subcutaneously
(below patient’s skin) for continuous monitoring.
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Figure 3: Example of a quantitative POC giving glucose concentration from a blood drop via
a amperometric sensor [1].
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Screening strategies Diagnosis and detection allow to anticipate at sufficiently early stage
diseases such as cancer or acquired immunodeficiency syndrome (AIDS) as well as Alzheimer
based on their factors [39]. This has a critical importance because survival rate is better at
early stages diagnosis. As it deals with healthy patients, false positive or negative tests must
be minimized to have more efficient test. Automated tests allow to reach higher throughput
and increase their efficiency in a massive screening context as well as a high risk selective
screening, making them cheaper and more reliable [40].

Implantable devices An alternative evolutionary line of medical diagnosis technology is
implantable devices. This was considered by Leyland C. Clark in his original paper in 1962
[41] and realized in a practical form, as a needle-type subcutaneous electrode by Shichiri et al
as early as 1982 [42]. The first application of these devices are used for treatment purpose but
it can be applied for monitoring as well [43]. MEMS technologies have led to next generation
devices that are now industrialized and tested on patients [2] - Fig.4.
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Figure 4: Implantable device based on MEMS (left) Micropump developped by Debiotech
SA for insuline, injecting 150nL per cycle; The system is patched over the skin of the insulin
dependent patient (right) SEM picture of integrated MEMS needles for injection [2].

It also consists of in-vivo remote monitoring of various vital signs using MEMS technol-
ogy and physicochemical property [44] (chemical concentrations, pressure, temperature, pH)
to transmit a measurable signal. Efforts are invested on wireless transmission, particularly
using

— radiofrequency (RF) waves: covering radio frequency transmission, it is already used
to tag patients with RFID technology [45].

— photonic: using photons covering the whole spectrum from ultraviolet to infrared.
Many interesting properties are exploited with fluorescent particles, though signals can
only be transmitted through thin tissue. Fluorescence image-guided surgery (FIGS) is
already used by practicioners [46] and new fluorophore are being invested such as
quantum dots (QDots) [47] or tagged proteins and Deoxyribonucleic acid (DNA) [48].

— acoustic: ultrasound-based (for its better propagation in tissues) diagnostic imaging
technique used for visualizing internal body structures including tendons, muscles,
joints, vessels and internal organs for possible pathology or lesions. Current efforts
are done for enhancing contrast, using microbubbles [49].

Medical implants in the future will likely combine both monitoring and therapy such that

both modalities work together to achieve optimized and personalized closed-loop therapy that
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is informed by the patient’s need [50], announcing a need in robotic technology.

1.3 Localized therapy with minimal impact

Most of the time, a positive diagnosis leads to a therapy. We can classify three mode of
interventions: medical, surgical or medico-technical. Each of their adverse effects in certain
case should be minimized either by acting exclusively with the pathogen (specificity) or by
being active in the limited area of the disease.

Targeted therapy Targeted therapy or molecularly targeted therapy is one of the major
modalities of medical treatment (pharmacotherapeutics) for cancer, others being hormonal
therapy and cytotoxic chemotherapy. It consists in destroying or inhibiting a specific cell
associated with carcinogenesis, usually using monoclonal antibodies or drugs. It requires
strong identification of the cancer nature and does not have a 100% success rate.

The case of particularly aggressive pharmaceutical treatment such as for cancer, hormonal
therapy of cytotoxic chemotherapy, pops the first in mind. But it is also the case of minimally
invasive surgery (MIS) operation which presents a number of significant challenges due to
the limited manoeuvrable workspace and the presence of many delicate structures that must
be avoided, including sensitive cartilage surfaces, soft tissue structures, nerves, blood vessels
and tendons. A famous example is appendectomy now achieved by laparoscopy [51] and
only requires three small 0.5 — 1cm of incisions whereas laparotomy used to require longer
recovering time. Thanks to these techniques, it now only takes a day for the patient to leave
the hospital and recovery is much faster.

To optimize its effect, it is interesting to localize the treatment -Fig.5- in the predefined
regions of interest using cargo transport on nanoparticles swarm [52] coated with biocompat-
ible materials and functionalized with drugs, proteins or plasmids. Another possibility is to
generate hyperthermia with a resonating swarm of ferromagnetic particles, raising tempera-
tures up to to 45°C). Research has shown that high temperatures can damage and kill cancer
cells, usually with minimal injury to normal tissues [53]. By killing cancer cells and damaging
proteins and structures within cells [54], hyperthermia may shrink tumours [55].

Minimally invasive surgery (MIS) Minimally invasive surgery revolutionized conven-
tional surging by drastically reducing patient recovery times by allowing surgeons to perform
procedures through a series of small incisions [56]. However, MIS has also increased the com-
plexity of the tasks as tools did not have the same degrees of freedom and dexterity compared
to conventional surgery. Microsurgical procedures, such as nerve or blood vessel anastomosis,
are further limited by the challenges of manipulating millimeter-scale and submillimeter-scale
tissue structures that are exceedingly fragile and thin. Current commercial MIS instruments
are morphologically simple and lack distal articulation or sensing. Additional degrees of
freedom and sensing would enable greater access and dexterity and the ability to record and
control force applied to the tissue. The surgeon require a simulated learning environment fa-
cilitated by intensive cadaveric training. Most of the time operation involves remote-control
manipulation of instruments with indirect observation of the surgical field through an endo-
scope [57].
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Figure 5: In-vivo drug targeting (left) The drug are cargo transported /active in the region of
interest of the body (right) Here the nanobeads are coated with antibodies corresponding to
the tumorous cells.

1.4 Biology and Medicine challenges requiring high performances tools:
Microrobotics Contribution

Microrobotics [27] is the field of miniaturized robotics, more specifically robots with char-
acteristic dimension < 1mm. Most of the time this dimension designates the end-effector,
mostly transmitting a mechanical effort for contact interaction, and has usually been teth-
ered to a bigger actuator [58] -Fig.6. As it covers the scale of cellular biology and can

Figure 6: Microfabricated mechanical tweezer actuated by electrostatic forces, from Yama-
hata et al. [3] in LIMMS.

cargo transport molecules, it is a promising discipline [59] for BME next generation preci-
sion tools. Automated device already exists at macroscale and are revolutionizing medical
therapies and diagnosis. Though miniaturization technologies and microworld physics have
much progressed thanks to microelectronic process, microrobotics has needed more than 20
years to see emerging solutions assisting physicians. For visual servoing, diagnosis and tele-
operated surgery, knowledge in process and physics are now mature enough to develop and
explore mobile microrobotic solutions.
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Automated medical device at macroscale Before going any further in the case of mobile
microrobot, it is interesting to notice how robotic technology is already contributing today to
understand what might be future challenges at lower scale. On an industrial level, automat-
ing the fabrication of tissue/organ engineering which requires a high throughput allows for
example to assemble enough cell sheets to fabricate tissue/organs [60] for transplants. More
generally, every redundant and/or complex task achieved in laboratory can now be achieved
with automated actuator at higher throughput and precision on biological sample . It is par-
ticularly useful for massive task strategy such as screening [59]. Analysis algorithm in vision
now contributes drastically to computer aided detection. It assists [61] or replace physicians
for routine diagnosis to focus on the most challenging cases. Another type of biomedical that
increases the quality of life of the patients are intelligent prosthesis [62] that can emulate the
full biomechanical functionality of the healthy limb. Finally, human-machine interfacing is a
key point for remote or assisted surgery [63].

Laboratory microscale task For ten years, miniaturization has tackled with medical labo-
raty process, trying to make it hold on a microchip [64], successfully [65]. We will detail in
next subsection the principle of lab-on-chip. They have important applications for the oper-
ation such as manipulation from oocyte [66] to cells [67], intracellular delivery of nanoparti-
cles [68], genetic analysis [69].

Pushing visual servoing limit Vision in medecine is used for diagnosis as well as necessary
feedback during surgery [70]. It enables for example to guide a needle in real time using
magnetic resonant imaging (MRI) [71]. It can also be used for micromanipulation tasks [72,
73]. It is now possible to access new spatiotemporal resolution of imaging in surgery videos.
As the microcontrollers are increasingly precise and reliable, we can achieve visual tracking
at high speed or high precision [74] for the most complex scenes [75].

Teleoperation for surgery: human-microtool interfacing Telesurgery has been more and
more popular in robot-assisted medical intervention. Increasing practitioner comfort, robotic
surgery enables difficult technical manoeuvres to be performed that facilitate the success of
minimally invasive surgery. It can adapt with a homothetic transformation the action of the
user to the targeted scale of interest,increasing precision and stability. Teleoperated robots are
controlled by human operators and allow us to act in environments that are inaccessible for
reasons of safety, scale, or remoteness.

Unfortunately, due to lack of tactile sense and dexterity and proprioception, task perfor-
mance can suffer compared to direct object manipulation with the hands. Still, the use of
human controlled robots is the only viable option for these dangerous or hard-to-reach ap-
plications, since autonomous robots do not yet have the capability to autonomously perform
most unstructured tasks [76].

Current visible progress are then ergonomy and lead to the important development of
haptic interfaces which produces a force feedback for the user control [77] but a considerable
progress could be made on the miniaturization and mode of control of the end-effector [49].
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1.5 Conclusion

We introduced BME development in diagnosis and localized therapy and identified what
will be major scientific and technological incoming challenges. We have seen that robotic
already provides at macroscale powerful solutions in terms of precision, force range, robust-
ness, minimizes requirement of a user skill. It can help the surgeon as an interface between
him and his tool, enhancing his capacities. After 30 years of development, robotics is now
proposing solutions for medicine and biology at macroscale and is slowly scaling down to
increase the range of potentialities. Next step is now scaling down robotic agents with em-
bedded functions. Using advances in microtechnologies, we could expand their capacities in
confined environment and complex situations - see Fig. 7. Providing remote information by
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Figure 7: Medical major tasks for microrobots, including targeted therapy, material removal
and telemetry.

2 Microrobots integrated in microfluidics

In this section, we decide to answer first the "where?” question and keeps the “what?”
question for next section. In other words, where can we study mobile microrobots in liquids
at microscale?

We describe the major issues of scaling down biomedical devices and the solution pro-
vided by microfluidics chip. The microfabrication process developed for microelectronics and
MEMS [78] revealed themselves to be compatible with a wide range of existing technologies
and in particular the design of microfluidic cavities on chip. The coupling of microfluidics
with micrrobotics provide more and more powerful tool for research as well as industry or
medicine. We will introduce first the few notions necessary to apprehend the challenges of
this domain.
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2.1 Microfluidics and Lab-on-Chip: Presentation and challenges

Microfluidics, definition Microfluidics is the science that deals with the liquid flow inside
channels of micrometer scale. At least one dimension of the channel is of the order of a
micrometer or tens of micrometers in order to consider it as microfluidics (see difference
between nanofluidics, microfluidics, millifluidics and the behaviour of fluids at these scales)
[79]. Microfluidics can be considered both as a science (study of the physical behaviour
of fluids in micro-channels) and a technology (manufacturing of microfluidics devices for
applications such as lab-on-a-chip). Generally, when researchers mention microfluidics, they
refer to man-made channels. Fluid flow in natural microchannels as blood vessels or plants
capillaries are mostly excluded from microfluidics, though they deal with the similar physical
phenomena.

Microfluidic chip, lab-on-chip, definitions A microfluidic chip is a set of micro-channels
etched or molded into the materials (glass, silicon, polymer PDMS). The micro-channels
forming the microfluidics chip are connected together in order to achieve a desired function
(such as mix, pump, redirect and/or allow chemical reactions in a cell).

This micro-channel network embedded in the microfluidic chip is connected to the outside
by inputs and outputs holes, as an interface between the macro- and micro-environments - see
Fig.8. It is through these holes that the liquids (or gas) are injected and removed from the
microfluidic chip (through tubing, syringe adapters or even free holes in the chip).

Figure 8: Microfluidic devices (left)Microfluidic chip made of PDMS from Plecis thesis for
study of [4] (right)Connected microfluidic chip for fluorescence study by Louer [5].

By extension, a lab-on-chip (LOC) integrates analysis, synthesis and separation in a mi-
crofluidic chip to create a new class of laboratory. The virtues of low volume requirements for
samples and reagents, rapid operation, high convenience and low cost has made it a promising
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area of development for biomedical devices - see Fig.9.
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Figure 9: Lab-on-a-chip device (left) Principle of integration of laboratory process on a chip
(right) Example of a Lab on Chip [6].

Lab-on chip devices are getting mature enough [65] to generate industrial activites and
provide equal or extended function to standard laboratory functions.

A brief history of microfluidics The technologies developed to miniaturize transistors and
manufacture microprocessors have enabled to produce microscopic channels and integrate
them on chips. Thus, the history of microfluidics will take us to the first lunar expedition,
from our printer heads to our hospitals.

The 1950s saw the invention and development of the first transistors, replicated on Fig.
10. Made in blocks of semiconductors, they have gradually replaced the lamps previously
used in the manufacture of electronic devices (radio, computer ...)

Figure 10: Miniaturization of technology (left) The first transistor (replica);(right) the first
microprocessor(replica).

In the 1960s, space research, via the Apollo program with a budget of 25 G$, gave an
opportunity to fund research programs on the miniaturization of computers to allow taking
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them to space and particularly to the moon. The development of technologies such as pho-
tolithography have enabled the miniaturization and integration of thousands of transistors on
semiconductor wafers, mainly of silicon. This research led to the production of the first inte-
grated circuit and with them the first microprocessors, Fig. 13 (right).

Over the 1980s, the use of silicon etching procedures, developed for microelectronics
industry, allowed the manufacture of the first device containing movable micro-elements inte-
grated on a silicon wafer. These new types of devices called MEMS (Micro Electro Mechan-
ical Systems) gave rise to industrial applications, particularly in the field of pressure sensors
and printer heads.

In the 1990s, many researchers investigated the applications of MEMS in biology, chem-
istry and biomedical fields. These applications needed to control the movement of liquids
in micro-channels and have significantly contributed to the development of microfluidics. A
major research effort was made to develop laboratories on a chip to enable the integration of
almost all diagnostic operations performed in a hospital on a single microfluidic chip.

At that time the majority of microfluidic devices were still made of silicon or glass, and
thus, required the heavy infrastructure of the microelectronics industry.

Starting 2000, technologies based on molding micro-channels in polymers such as PDMS
(PolyDiMethylSiloxane) experienced strong growth. Reducing the cost and production time
of these devices enabled a large number of laboratories to conduct researches in microfluidics.

Potentiality of microfluidics and challenges Today, thousands of researchers are working
in microfluidics to extend its application fields especially via on-chip laboratories for hospi-
tals.

The Microfluidic technology has found many applications for therapy as well as diagnosis,
mainly:
— in medicine with the laboratories on a chip because they allow the integration of several
medical tests on a single chip, being biocompatible [43]
— in cell biology researches because the micro-channels have the same characteristic size
as the cells and allow such manipulation of single cells and rapid change of drugs. [80]
[81]
— In protein crystallization because microfluidic devices allow the generation on a single
chip of a large number of crystallization conditions (temperature, pH, humidity...) [82]
It remains a stimulating research field, for BME especially [83] [84].

2.2 Microfluidics motivation: an in-vitro platform for immersed micro-
robotics

Microrobotics dealing with biological environment is mostly immersed and always deal-
ing with high humidity levels. This leads to drastic consequences on the robot physics, in
particular its dynamics which need to be precised. We will see then that microfluidics provide
a simpler and controlled fluidic regime and has other experimental advantages.
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Microphysics in dry environment Before dipping our first toe in water, we insist on mi-
croscale general specificity. This scale effect is the key to understand our decision of integrat-
ing microrobot in microfluidic chip. On the one hand, physical effects such as surface tension,
electrostatic forces and interaction [85] get predominants over usual body forces (gravity) as
is quantitatively described in Fig .11. On the other hand, the mass term is much smaller and
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Figure 11: Asymptotic behaviour of forces at microscale and inversion of importance [7].

volume o< 1> decreases faster than surfaces o< 72, particularly for our high aspect ratio robot.
The consequence on a simple Newton’s second law is

—=a (1)
m
is the divergence when m — 0 [86] and very fast speed transition, leading to challenging
control.

Physics of an immersed microrobot Now in immersed confined microvolumes (though air
liquid interfaces could be considered),

L
:PL<1 (2)

Re
where p the density, 1) the viscosity and u and L characteristic speed and dimension of the
considered flow. It has the advantage to simplify Navier Stokes equation to Stokes equation
[79]

Vp—pf=V(p—po) =Vp' =nAu (3)
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Table 2: Body mass and viscosity comparison between air and water in standard conditions.
Property water air
Body mass 1000kg.m—> 1.2kg.m™>
Dynamic viscosity 1 x103Pa.s | 18.5x 10 %Pa.s

where p is the pressure. As the system is heavily damped, non linear terms can be neglected.
Speed is not limited by inertial effects but by liquid viscosity -see table 2, leading to more
controllable objects.

This is already a sufficient argument to work in liquids, but we could also mention the
importance of humidity creating local distribution of liquid drops. Working in an immersed
environment avoid resulting surface effects from two-phase interface, a strong perturbation
difficult to apprehend [87].

Another important effect of water on the dynamics is the reduction of electrostatic forces.
Two phenomena [86] can explain this, the first being higher conductivity due to ion presents
in liquids, the second being forces inverse dependency with dielectric constant. We compare
it in table 3.

Table 3: Body mass and viscosity comparison between air and water in standard conditions.

Property water air
Dielectric constant € ~ 1 80.4
Conductivity 1077S/m | > 1074S/m

Experimental advantages of micromanipulation in liquid Micromanipulation in liquid,
particularly when a part of the actuator is bigger than microscale, is challenging for several
reasons:

— avoid contamination and allow good repeatability [88]

— easy instrumentation [19]

— simplify vision feedback (the robot remain located in the main chamber, no meniscus

lens effect) [73]

— precisely control flow and pressure for dynamics study

— controllability of border effects: surface treatment, channel section control [87]

The following table sums up advantages of a microfluidic system for developing tests on
immersed microrobotic tool.

Table 4: Advantages of using microfluidic as a test bench for immersed microrobots.

+ -
Cheap Process Interface
Fast Process Robot Integratio.
Reproducibility Dynamics

Time-response
Sample Comsuption
High Sensing resolution

Microfluidics displays enough advantages to be considered as a proper test bench. Integra-
tion issues are only minor technological issues and interface and dynamics are less important
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than in dry environments. Made with biocompatible materials and adding cell cultures on
their surfaces, chips could also evaluate toxicity and test in-vivo behaviour of the robot.

2.3 Microrobots as a tool for lab-on-chip

Microrobot can be used as a mobile tool for direct interaction with cellular sample for ex-
ample, target size varying from 100um for oocytes to few microns for dye. Many applications
come out of single-cell manipulation and can be automated for isolated analysis or transfor-
mation (genetic alteration of a cell from the direct uptake and incorporation of exogenous
genetic material).

As we are aiming for a simple robot control, even though it can perform fast operation in a
short amount of time, it constitutes a single cell micromanipulator. It can assemble precisely
several [60] for artificial tissue growing. The low contamination capability, repeatability,
and high throughput ability are also interesting for mechanical sensing [66] [67]. Another
possibility is cargo transport of molecule and delivery in a precise location.

2.4 Conclusion: microfluidics as a suitable environment for micro-
robotics

After detailing the available technology and science that offers microfluidics, we have
quickly explained why working in liquids constitute both a proper environment oriented to-
ward applications as well as a simpler framework in terms of physics.

In-vivo assays platform
Biocompatibility, Dynamics, Environment Parametered

Fluidic /\
ILab on Chip I |Micror0botics

~ /

In Vitro Application
1< 500 Mm CargoTransport, Remote Micromanip., Sensing

Figure 12: (left) Mobile microrobots in microfluidics (right) Virtuous circle of development
between Microfluidics and Microrobotics in liquid.

The logic consequence becomes to integrate microrobot in these microfluidic chip, as
described in left Fig. 24. The question of how we proceed will be detailed in next chapter.
In this way, microrobots can provide new capacities of transduction for lab-on-chip different
steps and microfluidic chips become an appropriate test-bench. We can describe as a virtuous
circle the interaction between the robot and its environment, see right Fig. 24.

3 Development of mobile microrobots in microfluidics

A completely untethered mobile agents would push the current limits of precision tools
in BME, their range of action as well as their dynamic performances. In this section, we
explain what choices of actuation and control can be made to develop a mobile microrobot
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depending on its targeted environment and applications. We will discuss first on the physical
rules allowing these choices. How microrobots can be actuated remotely defines the limitation
in power of the system. The question of feedback control defines the control of the system
and how we can automate it. Finally, we synthesize the current solutions developed for mobile
microrobotics and compare it to standard biological organisms.

3.1 Untethered microrobots: mobility complications

As a starting point to define the challenges related to mobile microrobots, it is necessary
to provide a precise definition with examples from litterature and what changes it brings com-
pared to standard microrobotic.

Definition We call in this thesis mobile microrobots untethered microsystems that aims to
achieve automated or assisted tasks wirelessly, being sufficiently small to reach confined and
critical areas. Behind this definition and particularly the micrometric notion, several gener-
ations of robot have emerged in the past 10 years. Scale effects variations make them com-
pletely different depending on their chosen scale [87]. We can mention millimetric robots
with interaction at microscale [89] [90] as well as smaller micrometric bodies with sub-
micron dimensions [91]. If one of the dimension is sub-micrometric, they are generally called
nanoswimmers. The Fig. 13 is an illustration of how going below millimeter changes the
fabrication method. We will in next chapter detail further how it impacts our way to design
and fabricate our robots.

Figure 13: Extreme differences of dimension for two (mobile) microrobots. As we can
observe, standard mechatronic fabrication process are only possible beyond millimeter
(left) Harvard Microrobotics Laboratory recent mechatronic design of a microprehensor [8]
(right)Hwang et al. Helical nanobelt (thickness being nano) for sensing applications [9].

As a corollary of this definition, the simplest loop of control we can describe contains
an actuator, an untethered end-effector with biggest dimension below millimeter (let’s say
containable in a Imm diameter sphere) and a feedback control. In the following part of the
text, we will name by abuse of terminology microrobot the end-effector of the system. If
actuator can be embedded and some research groups are exploring this way [92], we will see
it remains mostly external to the robot body.
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Axes of development After having discussed in previous sections the motivations of de-
veloping a microrobot mobility and its environment of study, we can describe design issues
in 4 axes of development: actuation, control, environment and targeted applications. Actua-
tion and control of the system will define the capacities of the robot to evolve in a specific
environment and achieve transducing applications. The specific approaches of this thesis,
for each axes, appear on Fig. 14. The choice of magnetic field actuation is mostly based
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Figure 14: Designing a mobile microrobot can be summed up in 4 parts.

on its non-destructive remote influence and a slightly higher degree of control. We aim to
work in relatively low amplitude field. Aiming for higher dynamics and controllability would
allow to increase the rate of action of our system, and require sufficient magnetic power (in
our case ImT-100mT) and sampling rate (SkHz). Controlling these dynamics require conse-
quently a higher rate of images (> 5kframe/s) in real-time, possible through vision devices.
Choosing a transparent environment in the visible spectrum allow reflexion and transmission
imaging with standard high speed camera. We have previously detailed our interest to work
in microfluidic chip and we naturally aim for on-chip automated transduction applications.

This anticipated description of our design is further justified and detailed, based on the
state of the art, in the next sections.

3.2 Environment: Scale effect drawbacks

If macroscale robots have demonstrated their capacities as autonomous mobile agents, it
is far from simple to reproduce these capacities at smaller scale. As seen in the previous
section miniaturization induces a scale effects. To deal with mobile microrobots, particularly
in the case where they are mobile in wet environment, we need to estimate the impact on the
technology, process and physics. We need to understand what is happening with the dynamics
and what is at stake at interfaces.
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Scaling down and physical effects The mobility and autonomy of robots have been con-
stantly explored at macroscale but they are still one of the most important challenges [93] [94].
As microelectronics progresses have pushed the limits of clean room fabrication for increas-
ing the transistor density on microcontrollers, a great range of new techniques has emerged
and allow to consider automated artificial structures such as robots with embedded functions.
This is impossible though to think our design the same way as for macrorobot.

Miniaturization of an object or process can prove complex, because the involved range of
physical phenomena may not all change in the same manner as the scale is reduced, generating
not one but several scale effects [86]. Fig. 15 sums up in 3 axes the impact of scale effect and
the approximative threshold.
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Figure 15: Scale effects appear below millimetric scale and several mesoscopic threshold are
encountered while scaling down; working at microscale completely revise the physics thus
the method of fabrication, experimentation and manipulation.

The dynamics, as seen in Fig.11, changes drastically. The transition from mechanical
fabrication techniques to clean room process for microsystems also changes drastically en-
gineering issues [78]. As adhesion forces and friction are increasingly important, it makes
it preferable to use monolithic or compliant structures rather than articulated mechanisms, at
least close to end-effectors [58], though self-assembly on bottom-up approach exists. Finally
it also becomes challenging to obtain visual feedback as objects speed varies strongly and
depth of focus gets smaller [73]. The optical limits due to diffraction is getting closer and
electron imaging or alternative might be required, with less good performances.

Breaking some preconceived ideas on microrobots We target a high resolution robotic
systems in order to achieve repeatable and precise operation compatible with the dimensions
of the objects being manipulated. Because of dry friction, we will prefer compliant structures
to articulated mechanisms which resolution would decline with use. In addition, the actuators
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used to motorize microrobots must respect these constraints. This is why an embedded motor
1s a difficult actuation mean. [58].

3.3 Actuation: energy transmission and movement

Actuation consists in non-contact energy transfer, remotely or not, to overcome surface
effects of our end-effector and reach high dynamics for high throughput applications. It also
requires a fast time-response -i.e. sampling rate- to be controlled sufficiently quick. If power
transmission is the key factor, we must not forget the impact on the environment.

The first and intuitive idea of converting power source encounters several issues. Though
new methods of energy storage are being studied for MEMS batteries [95], the stored energy is
proportional to volume then decreases very quickly and cannot be sufficient for the microrobot
autonomy. The only possibility then becomes taxes, inspired from biology, which basically
consists in collecting a physical signal gradient and converting it in movement, and direct
power transmission using physical effects from robots materials.

Collecting power: taxes inspired from biology A taxes is the movement of an organism
in response to a stimulus such as light or the presence of food. By imitating biology [96] or
controlling it [97], we can control microagent as remote actuator using a stimulus gradient.
Several external stimulus and their resulting converted movements have been studied, from
chemotaxes [98] to magnetotaxes [99], and it can be described [10] as a self-regulated closed
loop system, see in Fig. 16.

The overall number of publications since 1975, in right Fig. 16, confirms chemotaxis has
been widely studied. The principle has indeed been much explored by biophysicist and still
constitute a stimulating area of research for applications [100]. Escherichia Coli (E.Coli),
one the most common bacteria, is still captivating [10] and is often used as a comparative
reference for its flagellar motor with mobile microrobot.
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Figure 16: (left) Bacterial chemotaxes of E. Coli can be described as a [L] kinase concen-
tration gradient-sensing network [10]. It is assimilated to a closed loop linear system where
input is received by receptor-kinase complex A, regulated by inner enzymatic chain (m,B,Y-
P,B-P,R,Z) and converted as motion by flagellar motor M (right) Publications in taxes research
in 2008, chemotaxis being predominant, from Kéhidai.

Some robotic team are also considering a hybrid method between microfabrication and
biology, coating their structures with functional bacteria E. Coli [98] or modifying the bacteria
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itself to be sensitive to electromagnetic control [99]. Last emerging approach has been using
vascular plants coated with magnetic material [101].

Controlling chemical gradient implies being able to define concentration patterns, which
limits a lot real time control. Even with a good spatial resolution, diffusive phenomenon are
rather slow (particularly compared to electromagnetic waves). The movement power (speed
and force generated) are also strongly limitated.

Transmitted power To propagate and transmit power to a remote body, physics provides
several solutions offering quite complementary media, mostly using electromagnetic beams
(magnetic or electric field, photonics) but also heat waves. These phenomena are directly
depending on microrobot design and materials used. The choice of the force involved is
important as it defines the degree of freedom, range of power and resolution of control of our
microrobot.

Optical Tweezers Optical trap have been developed with laser technology [102]. Using
a highly focused laser beam, it provides an attractive or repulsive force (typically on the order
of piconewtons), depending on the refractive index mismatch to physically hold and move
microscopic dielectric objects- Fig.17.

laser light

Figure 17: (left)A strongly focused beam of light creates an optical tweezer. Intensity gradi-
ents in the converging beam draw small objects, such as a colloidal particle toward the focus,
while the beam’s radiation pressure tends to blow them down the optical axes. Under condi-
tions where the gradient force dominates, a particle can be trapped in three dimensions near
the focal point (right)Twenty-five silica 1um beads are transformed from Y to LUX using
optical tweezers [11].

It is based on the radiation pressure of the emitted photons then is a surfacic force with pN
range of force,
Fox VE’T«<PxE 4)

with P the electric polarization, E the electric field,7 and F the resulting torque and force.
The degree of freedom and precision of this system make it a relevant media to manipulate
electrically polarizable material (typically dielectric material). This force is more adapted
though for trapping light object such as < 1um beads [11] and nanorobots [103]. The radiation
of laser is dangerous for user then requires proper safety precautions and can be destructive
by local heating. Its speed limitation comes from the optical material response.

Electrophoresis Electrical fields require electrodes and involve Lorentz forces on elec-
tric charges at a local level. From the simple rule F = gE, with F the induced force by E the
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electrif field and q the charge, two different effects can be exploited for motion generation.

The first effect is electrophoresis and was discovered in the early 19" century on clay
particles and has been exploited for years for separation purpose in biological sample analysis
[38]. On any material, a certain layer of charges remains on its surface and an electrical field
will generate a force as described by Schmulowski.

Fgp = ugpE &)

with Fgp the resulting force, E the electric field, ugp the electrophoretic mobility (depending
on geometry and surface charges ). It includes dielectric and metallic material.

The second one is electroosmosis and involves the ionic layer (Debye layer) at the interface
of any immersed object.When an electric field is applied, the ions in the Debye layer move
(the flow is the EOF), equivalent to a moving walkway generating a force

Fror = ugorE = €CE (6)

with Fror the resulting force, E the electric field, ugor the electroosmotic mobility, € the
permittivity and { the electrostatic potential. The combination of both can reach very high
speed [12] and steering can be achieved by positioning the two electrodes. Parameters of the
robot that influences the electrical power are related to the { potential and its surface charges
O.
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Figure 18: (left-top) Schematic of the competition between electrostatic force (electrophore-
sis) under the influence of an external electric field and viscous drag (left-bottom) Schematic
diagrams of the experiments for helical nanobelt (HNB) swimming using electro-osmosis
force [12]. (right) Swimming propulsion of the helical nanobelt (HNB) from high-speed cam-
era analyses (342 fps): captured images of the HNB at each discontinuous motion [9].

Electrical fields have several drawbacks. The electrodes need to be in contact with the
liquid medium that is a constraint in confined biological system. Electrical current generates
gas at the electrode in case of non perfect electrodes and can release ionic metal. Finally
and most of all, the generation of electrical current in biological medium can destroy cellular
organism or elelectroporate them (inducing a permeability on the membrane) [48].
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Magnetophoresis Magnetic fields are produced by moving electrical charges and the
intrinsic magnetic moments of elementary particles associated with a fundamental quantum
property, their spin. As a consequence two kinds of sources can generate magnetic field:
permanent magnet and electromagnets (electrical circuits). Some particles being sensitive to
magnetic field (ferromagnetic or paramagnetic), it will induce a local magnetic moment at
atomic level and an integral over the whole volume gives us the global magnetization M. We
can describe the actuation as follow

{ F = (M.VB) 7
T=MxB

If both magnetic sources behave as a magnetic dipole with the same apparent distribution of
magnetic flux, their control are complementary. Magnetization of permanent magnets cannot
be varied as it is the remanent magnetization of a (generally) hard ferromagnet. We have to
control their position with motors to vary their amplitude and direction [104]. Magnetization
of hard ferromagnets can reach high magnetization > 17. Electromagnets are electrically
controllable, see Fig. 19 left, but require more design efforts [105] as we will see in section 2.
The field of magnetically actuated microrobot is under intense investigation and offers a wide
range of motion capacities. Fig. 19 right shows the examples of mobile magnetic microrobots.

Magnetic

coil

ii)

Figure 19: Magnetic propulsion:(left) Schematic of magnetic actuation principle, robot be-
ing superposed with magnetic field amplitude distribution for an electromagnetic coil (right)
Several recent examples of mobile magnetic microrobots with different scale and propulsion
method, illustrating the wide range of possible approach 1) Three-Dimensional design for for
cell culture from Kim et al. [13] ii) Robot with ultrasonic vibration for single cell manipula-
tions, actuated by permament magnet driven by motor from Hagiwara et al. [14] iii) MagMite
resonant magnetic micro-agents from Frutiger et al. [15] iv) Combining magnetic and piezo-
electric vibration microrobot from Ivan et al. [16].

Thermal actuators Thermal actuation consists in enhanced thermal deflexion due to
material properties, such as multi-layer structures exploiting the difference of coefficient of
thermal expansion or shape memory alloy (SMA) [106]. The bilayer bending has been simply
described with Timoshenko law

1/R = K(Otl — Otz)AT 8)
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with R the radius of curvature of a bilayer beam, K being a coefficient (depending on thick-
nesses and Young’s moduli of the layers),al and o2 the thermal expansion coefficient and
T the local temperature. The principle is summed up on the Fig.20 and further detail can
be found in Smela litterature and website [107]. The interesting exploitation of robots com-
pliance has the advantage of changing the global shape and proposing eventual motion. It
has been explored prehensing solutions [108]. To our knowledge, even though solution of

(a)
line of zero
strain

z=0

(6)
g

Actuated SMA wire

=1

\ Unactuated SMA wire

Figure 20: (top) Illustration of a bilayer bending principle, with resulting stree and strain due
to temperature variation(middle) Example of macrorobot design actuated by Ti-Ni SMA from
Shinjo [17] (bottom) Integrated microrobotic platform using hydrogel bilayer structure [18].

thermaly actuated swimmer exists at macroscale [17], no mobile microrobot design involves
thermal actuator for motility purpose. One of the main reason remain the slow transition time
of thermal mechanism.

Even with an adapted experimental setup, thermal diffusion is a relatively slow process
due to inherent thermal inertia. Resulting from Fourier’s law, the heat equation

oT = kd5T 9)

_k_
. . . . Cpp ’ . . . . .
specific heat capacity and p is the mass density of the material. k, in gives an approximation of

performances of diffusion depending on geometry. Even with an integrated on-robot thermal
source, performances are already limited to ms inside the metallic material of the robot. For a
100um Ni square section, characteristic time is around 1 ms. It is more interesting to consider
thermal actuator as prehensive tool which can be done in slower time and still be quite useful
for mechanically trappin object, as it has been recently demonstrated with hydrogel structure
by Fusco et al. [18] with approximately 10s time to release an object and 60s to grasp it.

with 7' the temperature, the thermal diffusivity Kk = k the thermal conductivity, ¢, the

Add-on physical effects If existing actuation solutions known from us have all been men-
tioned previously, techniques exists controlling other physical phenomenon combined with
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aforementioned. They would not be sufficient to actuate the robot alone. We have not include
combination of electro-osmosis with electrophoresis in this category because the user only
control one physical parameter, the difference of potential. These solutions target mostly two
issues: selectivity of control and improving dynamics. They are of course equivalent if we
consider that selectivity of control promotes the mobility of one single robot over several of
them.

Improving dynamics by induced vibration is an effective known technique and can be
achived by magnetic [109], acoustic [14] or piezoelectric [16] effect.

Some solutions like the one from Frutiger et al. [109] can actually lead to a selective
control if each robot of a group has a different resonance frequency. Selectivity of control
is often realized by switching on or off the mobility of the microrobot, vibration acting as
a motion enhancer. It has been also demonstrated by demagnetizing a hard ferromagnetic
robotic body [110]. or changing the surface contact of the robot using thermal effects and a
polymer coat [110].

These ideas gravitate around the same concepts of modifying and controlling the surface
adhesion, which again is the critical factor, between robots and the solids edges of its external
environment.

Synthesis and motivation for magnetic field All the actuation methods we have mentioned
have complementary qualities, summarized in table 5, in terms of:

— force generated over the microrobot body, often depending on the body geometry and

materials themselve

— energy source device

— performances in time: how fast can we correct the signal over the robot

— controllability, i.e. degree of freedom x resolution of control of each degree
We also try to briefly sums up in one main advantage / disadvatange, what makes the actuation
method different. A reference is added for the reader so he can refer to more details in bibliog-
raphy. Some propulsion methods needs to be enhanced using mechanical vibration resulting
from a defined phenomena (acoustic, piezoelectric or magnetic). As we are aiming to develop
the control of a single robot, we aim for the optimal precision of control and speed. This thesis
will thus shed the light on magnetic solutions, more specifically controlled with electromag-
netic coils, having a better control over the magnetic field distribution than with permanent
magnets driven on electric motors. It also has the advantage of being non-destructive (neces-
sary for applications toward biology). Further optimization of our system and details will be
introduced in next chapter to justify the technological choices we have taken.

3.4 Dynamic control at microscale

We have detailed in section 3.1 and 3.2, the two first blocks of our chain of command. The
robot and its actuation device are now under the control of an intelligent system, driven by
a microcontroller (for user interfacing as well as automation). How can microrobot move in
liquids? Which are the technologies available to detect a single microrobot which one would
be the most adapted? Localizing the robot and using algorithm to track its position have had
several proposition in literature, spatiotemporal resolution being one of the most important
factor. Another more practical aspect is the size and perturbation emission and sensitivity of
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Table 5: Comparison of different actuation methods.

Category | Electro- Electro- Permanent | Heat Optical Taxies
phoresis magnets magnet

Force 10uN 0.1uN 10uN nN pN pN

Source Electrodes | Coils Permanent | Thermoelastit.aser Stimulus

magnet effect

Time- <ls ~lus > 1ms 0.1s Ims 10ms

response

Controlla- | - ++ + - ++ -

bility

Advantage | High mg;—% High Flexible Controlla- | Efficient
Power Power bility transfer

Disadv- Destructive| Power Constant | Perturbative Low Gradient

antage decreases | power Power control

fast

Reference | Hwang Salmon Arai [14] | Wang Maruyama | Martel

[12] [111] [112] [104] [113]

our actuating system.

For the closed-loop motion control of helical microswimmers, the main challenge is tolo-
calize and track the helical swimmers position. Various methods have been proposedto local-
ize and track a microrobot. Spatial resolution is an important factor in thedetermination of
microrobots positions. The maximum rate at which the positionestimation can be updated is
also an important factor for real-time control. Energy effectiveness should be as well consid-
ered.

Swimming method Swimming has been described as more adapted to microworld by
Purcerll [96] in 1973, and has actually shown an interesting path for mobile microrobotics,
as many solutions provide helical design (adapted for swimming by screw motion) [89]. But
several other ways exists in nature. We can lean on the description made by Berg group over
E. Coli, see Fig. 21 left, to enumerate the different immersed movements possible for micro-
bodies [10], more specifically with bacteria E. Coli. Displacement of other motile cell such as
spermazoon, see Fig. 21 of different species are also studied [114] as the average motility of a
group of them is a critical parameter for reproduction mechanisms. Bibliographical work on
E. Coli provide more quantitative details about single cell motion. Though their main interest
is free-swimming cells, they also study cells that swarm (swim in a coordinated manner over
moist surfaces, 2 — 10um/s), twitch (Pseudomonas) or glide (Cytophaga, Mycoplasma). In
some species, swarming motility requires the self-production of biosurfactant to occur.

By extension, we will call swimming any method of displacement of mobile micrometric
body in microfluid. Swimming microrobot, or artificial microswimmer, will be artificially
made controllable bodies in microliquids.

Localization for feedback control Robotics describe two main categories of control.
Open-loop control does not provide regulation on the system which means it must be un-
der the direct control of a user who uses sensorial signals. Closed-loop control integrates the
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Figure 21: Biological swimmers: (left) SEM view of a Escherichia Coli (right) SEM view of
a human sperm cell fertilizing an egg cell.

feedback using a sensor and, most-of the time, generates a counter reaction (correction). In
any case, they require a measurement extracting the position. Localization of the microrobot
can be achieved with different signal emitted by the microrobot: sound or electromagnetic
emission. Medicine exploits both and offers a wide range of technological solution in terms
of resolution, control and cost.

Computed Tomography: Xrays and Magnetic Resonance Imaging (MRI) Com-
puted tomography is a medical imaging procedure that uses computer-processed imaging to
assemble tomographic images or ’slices’ of specific areas of the body and obtain a 3D-image.
The patient is placed between a source and a detector array. It is possible to obtain imaging
from various signals (photonic by fluorescence, xray and magnetic resonance)

A set of projected X-ray images gathered from various view points is used to reconstruct
the interior of the final image in 3D. Pixel resolution can reach 0.8mm for a 512x512 pixel
matric image in 3D. [115], and an isotropic pixel size of 0.195 mm is achieved recently [116].
CT scans are not well suited for imaging regions of soft tissue surrounded by large volumes of
high-density material such as bone, because of the underlying process of image reconstruction
based on radiation attenuation.

A clinical Magnetic Resonance Imaging (MRI) system is a powerful non invasive imaging
technique that has played and will keep an important role in the medical community. A clinical
MRI has the ability to generate large magnetic fields. Ferromagnetic objects, or magnetotactic
bacteria are tracked and navigated under real-time MRI [113]. The typical field strength is
1.5 T or stronger. The MRI systems can also be used to provide microrobots locomotion
capabilities.Kalambur presents in his paper the localization of groups of nanoparticules in
an MRI system [117]. Martel et al. magnetotactic bacteria are localizedas single objects
[99]. The spatial resolution of the MRI system is similar to that of the early multislice x-
ray system [118], reaching 0.25 mm 0.25 mm 1.5 mm in a 3.0 T MRI machine [77]. In
the same work, an isotropic resolution of 0.57 mm is achieved, but the scan time is 25 s,
which is too long for microrobotic applications. The mean error of a 3.0 T MRI machine is
less than 1.0 mm [119]. Besides the limitation of the resolution of MRI machine, another
drawback of MRI localization is the limited choice of material for fabrication of microrobots
[120]. Ferromagnetic objects cause image artefacts that are sometimes larger than the object
to be localized [121]. The main issue with tomography is the cost in time for acquiring and
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processing slices, the spatial resolution making it increasingly important.

Scanning Electron Microscope A scanning electron microscope (SEM) is a type of
electron microscope that produces images of a sample by scanning it with a focused beam of
electrons. It is and will remain one of the best tool to obtain a 2D picture at a 30 frame/s rate
below micrometric scale [122]. The first drawback is that it requires high vacuum for electron
diffusion. The optoelectronic parts, containing an electron canon and its magnetic lenses, is
quite important in terms of volume. It is possible to observe biological bodies under certain
conditions that destroys the sample by coating it with a metallic layer.

Acoustic imaging For localization in soft tissue, only ultrasound combines good res-
olution, minimal adverse health effects, high speed, safety, adequate frame rates (up to 100
frames per second) [49], and low cost. The major drawbacks of ultrasound are related to low
signal-to-noise ratio and the presence of strong wave reflectors such as bones and air pock-
ets. These may produce artifacts in ultrasound images or shield an ultrasound signal. The
disadvantage of ultrasound imaging may be partially overcome through passive localization
techniques, based on ultrasound transmission. In applications of the localization, frequencies
up to 3 MHz are reasonable, resulting in a resolution of about 500um and a penetration depth
of 15-20cm. The localization of a wireless medical microrobot can be accomplished with a
microrobot. that acts as an emitter by carrying an ultrasound transducer on-board. A can-
tilever or any other mechanical structure can act as such, vibrating at its resonant frequency.
The emitted signal is measured by a set of receivers placed on the surface of the patient’s
body. Through the use of MRI data gathered off-line, localization accuracy can be greatly
improved.

Vision: optical miscroscopy Much explored in robotics with servovision control in par-
ticular for micromanipulation [73], vision is a useful robotic sensor since it mimics the human
sense of vision and allows for non-contact measurement of the environment. The images are
transmitted optically by cameras in combination with optical lenses. Obviously, vision can
not be used for tracking microrobots in patient’s body because of line-of-sight problems. The
illuminating conditions have to be considered as well. However, vision has several advan-
tages compared to other imaging methods. First, high spatial resolution can be achieved by
microscopic lenses. The spatial resolution is limited by the light diffraction. A resolution of
200 nm can be reached with visible spectrum light. The limitation can be overcome by using
a camera in combination with a SEM, as shown by Sievers et al. [123]. Another advantage
of vision is to avoid the conflict between the imaging and the actuating magnetic field (par-
ticularly important when manipulating mobile microrobot sensitive to magnetic field). Third,
great energies are required to generate a magnetic field or to emit radiation for MRI, CT and
ultrasound. It is not the case for vision, which is a energy-saving method.

Synthesis and motivation for vision based control We synthetize these different imag-
ing methods in table 6.This table gives an idea about the performances of each imaging sys-
tem. Parameters can of course be adapted, values being only indicative of the range and we
will see further that high speed camera for vision system provides a wide variety of solutions.

Different technical features - such as contrast enhancement project or different mode of
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Table 6: Different feedback method for position detection and control of microrobot.

Method advantage  disadvantage temporal spatial res.  cost ref.
res.
Photonic high reso- visible > 50us > lum very low [73]
lution and light
control
MRI non in- expensive, > 3s 0.1mm low [124]
vasive, pertur-
limited bative,
toxicity resolution
CT non inva- carcinogen > 3s 0.1mm very high [115]
sive X-rays,
resolution
Sonography subcutaneous low signal- > 10ms 300u /s low [49]
localiza- to-noise ra-
tion tio
SEM highest incompatible > 10ms > 10nm high (9]
spatial with  biol-
resolution,  ogy
vacuum

analysis- exists to push the limits of non invasive device (MRI, CT or even echography. Vi-
sion remains the best choice of biologically compatible imaging, in terms of spatiotemporal
resolution as well as experimental ergonomics (smaller and non-perturbative). It can reach
region of interest from 1mm — 1um but cannot anything opaque to the visible light such as
tissue. Consequently, it will provide us the adapted tool for the high performances control and
proof of automation of our microrobot but will limit the applications area, as we see in next
section.

3.5 Emerging applications: toward in-vivo

Mobile microrobots are being studied mostly in-vitro, and as we have mentioned in section
2, microfluidics is a fertile ground for this development. But some results are encouraging
enough to let imagine that collaboration between physicist and biologist will lead one day to
in-vivo operations using teleoperated microrobots [125, 126]. There is a sense that surgical
microrobots “are just around the corner” [127]. cite There are first technological limitations
due to injection of the robot and vision. What could be the different area for teleoperated
mobile microrobotic operations? What are the challenges in terms of cytotoxicity?

Applications areas Nelson et al. review [128] proposes different scenario for in-vivo mo-

bile microrobots intervention, based on existing development. It is important to identify from

that the future challenges. Considering a vision based microrobotic system, the accessible
zones are peripheral:
— eardrum [129]

— retina: retinal microsurgery requires sensitive manipulations that are constrained by

the limits of human performance [130] and that require forces below the threshold of
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human perception [131]
— skin
It could also be possible to use it for foetal open surgery [132] [133], which can prevent death
or life-long impairments and malformations. It would offer non-neglectable alternatives to
abortion, intra-uterine death, or a life with disability.

" 1mm

Figure 22: In-vivo applications of microrobots: (left) Intravitreal surgery on anesthetized
rabbit placed with the studied eye centrally in the OctoMag workspace (right) Microrobot in
rabbit vitreous [19].

More hypothetically, mostly because CT and echography technologies offer less spa-

tiotemporal resolution, robots could be one day driven through

— cardiovascular system: heart and vessel constitutes the circulatory system and nearly
every site of the body can be accessed by blood. It is arguably the most important
application area for wireless microrobots though it is extremely challenging to perform
control with blood flow perturbations [99]

— central nervous system consisting of the brain, the spinalcord, and the cerebrospinal
fluid in which both the brain and spine [134]

— urinary system and prostate: the urinary tract includes two kidneys, the urinary blad-
der; two ureters, which are lumens leading from the kidneys to the bladder, and the
urethra which leads from the bladder to the exterior of the body. [135]

ETHZ microrobotic team, see Fig.22, is leading intravitreal surgery using injected micro-

robots [19] and next step will probably be intense investigations on corpses surgery before
starting demonstration with physicians.

Cytotoxicity Cytotoxicity of microrobotic injected in body are challenging to prevent; even
with surface treatment and adapted method of extraction after operations, cytotoxicity still
need to be quantified. It is a particularly long statistical analysis with sometimes insufficient
precision.

Current cytotoxicity studies have been attempted on gold nanoparticles for hyperthermia
and drug delivery, particularly for assisting cancer treatment (cf subsection 1.3) [136]. Knowl-
edge about their potential toxicity and health impact is essential before these nanomaterials
can be used in real clinical settings. Furthermore, the underlying interactions of these nano-
materials with physiological fluids is a key feature of understanding their biological impact,
and these interactions can be exploited to mitigate unwanted toxic effects [137]. Again, mi-
crofluidics constitute a high-throughput analysis tool to achieve sufficient statistical analysis.
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Protective coating exists [138] but medical regulation requires toxicity assays, which is
particularly difficult to quantify for nano/microsystems. Limitations of in vivo (cytotoxicity,
perturbation from biological activity and difficult remote control).

3.6 Magnetic Mobile Microrobots zoo

With the four main axes of development (actuation, control, environment, and application)
mentioned in Fig. 14, mobile microrobots have constituted for less than 10 years a stimulating
field. Their sizes, fabrication method and actuation method have displayed great diversity so
much that we can divide them in taxonomy as seen in Fig. 23.
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Figure 23: (left) Subjective map of mobile microagents development in liquids; this map is
on purpose centered on mobile magnetic microrobots which is this thesis framework (right)
Synthesis of magnetic mobile microrobot by plotting their speed and dimension.

We achieve several dichotomy to generate the Figure 23 map with a code of colour as
described in the legend. We divide them by nature (artificial or biological), energy transmis-

sion, type of magnetic actuator and environment, in this order and zooming every time on our
framework, which is magnetic mobile microrobots.

Though it could deserve an exhaustive enumeration, the diversity has become increas-
ingly important and exceed this thesis work. We plot the different performances of speed
and dimension of the magnetic mobile, proposing a classification which does not include all
the emerging features for microrobot such as selective multi-control, prehensive capacities or
sensing. We propose to sum up in table 3.6 the particular parameters of taxon of mobile mag-
netic microrobots. We p