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Abstract

This thesis reports the design, fabrication and control of a parallel microrobot with two degrees
of freedom in rotation, that is destined to perform laser microsurgery on vocal folds. This work
has been developed in the frame and in the context of the European project Micro-Technologies
and Systems for Robot-Assisted Laser Phonomicrosurgery entitled uRALP.

On the one hand, needs and limits of medical aspects have been abstracted to create the
microrobot specifications. On the other hand, the state-of-the-art has identified the technological
stumbling blocks and has allowed to led to our proposition to satisfy the specifications. This
work has envisaged the fabrication of two independent parallel microrobotic structures. Each
proposed microrobot has a different kinematic structure, however they have the same objective
that is to guide a laser beam onto the vocal folds. To this purpose, a mirror is placed on the
end-effector of both microrobots in order to reflect and guide the laser beam. Smart Composite
Microstructures fabrication technique was used to fabricate the two microrobots. Moreover,
piezoelectric cantilever actuators have been used to generate the required rotations. Finally,
the expected precision for laser microsurgery of the vocal folds was reached by coupling the
feedforward compensation of nonlinearities and vibrations of the actuators with visual feedback
control of the parallel kinematic mechanism.






Chapter

Introduction

This chapter describes the context in which this thesis lies. First, a brief anatomic
description of the larynx and the vocal folds is detailed as well as their localization
in the human body and their functions. Then, a general description of phonomi-
crosurgery along with a procedure to improve human voice via a delicate action on
the vocal folds are presented. Afterwards, laser technologies and their utilization
in medical procedures are outlined. A section is dedicated to the description of the
URALP project, in particular regarding the workpackage dedicated to this thesis.
Finally, objectives, contributions, specifications and an overview of the thesis are
outlined.
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4 CHAPTER 1. INTRODUCTION

1.1 Context

1.1.1 The larynx and vocal fold diseases

The larynx is positioned in the anterior neck, below the division point between respiratory and
digestive tracts, as shown in Figure. 1.1. The vocal folds are an integral part of the larynx,
located at the center of the larynx framework in an anterior-posterior orientation, as shown in
Figure 1.2. When viewed from above, the right and left folds appear as a “V”-shaped structure
with the aperture between the “V” forming the entrance to the respiratory tract (called “tra-
chea”), as shown in Figure 1.2. Vocal folds are suspended at the entrance of the respiratory
tract, attached to a small arytenoid cartilage on the back side of the larynx [57].

In normal function of the larynx, its muscles contract or relax during the various stages of
breathing, swallowing, and speaking. Thus, deglutition, respiration and phonation process are
involved with the larynx. As a result of its multi-functional nature, the larynx is exposed to a
broad spectrum of disorders. Disorders of the larynx can result in interference of any or all of
the associated processes. Thus, a vast array of surgical interventions and methods are devoted
to heal these disorders.

FIGURE 1.1: Localization of the larynx in the human body and its connection with the digestive
and respiratory tracts.

Epiglottis/

ocal folds

Larynx

Respiratory
tract

FIGURE 1.2: Front and back view of the larynx. Vocal folds are shown as “V”’-shaped structure.



1.1. CONTEXT 5

The term “phonosurgery” was coined in the early 1960s. Phonosurgery is defined as: “all
the surgical procedures that maintain, restore, or enhance the human voice”. Or again “the
science of manipulating the vibratory elements of the larynx in order to restore voice function”
[71]. Phonosurgery includes:

e laryngoplastic phonosurgery, which is an open-neck surgery that restructures the carti-
laginous framework of the larynx and the soft tissues,

* laryngeal injection, that involve the injection of medication as well as of synthetic and
organic biologic substances into the larynx,

* reinnervation of the larynx, which consists in restoring the nerve supply,

* and phonomicrosurgery, which is a microsurgery of the vocal folds.

Notice that microsurgery is a surgery that is performed on very small structures, such as
blood vessels and nerves, with specialized instruments under a microscope [171]. Regarding
the phonomicrosurgery, there are two main tools used to diagnose and to treat the vocal folds:
endoscopes and laryngoscopes. On the one hand, endoscopes, usually flexible, are used to
inspect the larynx with tiny cameras placed at their end, as shown in Fig. 1.3a. On the other
hand, laryngoscopes which are rigid, as shown in Fig. 1.3b, are used to insert other tools like
scalpels, grippers and allow to place microscopes, out of the patient’s body, focusing on the
vocal folds. However, the obtained images with laryngoscopes do not show the entire vocal
folds as is the case with endoscopes.

(a) An endoscope inserted (b) A laryngoscope in-
by the nose orifices. serted by the mouth.

FIGURE 1.3: Tools to diagnose and to treat diseases in the larynx cavity [151].

Figure 1.4 and Figure 1.5 show healthy and unhealthy vocal folds, respectively. Pictures in
Figure 1.4a and Figure 1.5a were taken with a camera at the extremity of an endoscope. These,
images were taken very near to the vocal folds and clearly show 100% of them. In Figure 1.4b
and Figure 1.5b only a part of the vocal folds can be observed. Those images were taken using
a laryngoscope with a microscope located at the exterior of the human body.
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(a) Endoscope view. (b) Laryngoscope view.

FIGURE 1.4: Healthy vocal folds [177].

(a) Endocope view. (b) Laringoscope view.

FIGURE 1.5: Unhealthy vocal folds [177].

Structural abnormalities of the vocal fold include a wide spectrum of pathologies such as
nodules, polyps, cysts, and cancer. An unhealthy vocal fold with a benign vocal fold cyst and
another one with a cancerous lesion of the vocal fold are shown in Figure 1.5a and Figure 1.5b
respectively.

1.1.2 Laser technologies in medical applications

Since the invention of the first visible laser light based upon a ruby crystal [53] by Theodore
Maiman in 1960, variations of this technology have been adapted to engineering and medical
applications.

The use of laser in medicine has developed along with other technologies and techniques
like automatic control [159], robotics [167], optics [172]; covering many application areas.
Surgical lasers are employed to cut and/or to ablate tissue. Each kind of laser has a varying
degree of coagulation and clean cutting performances. The principal types of lasers in medical
applications are quickly reminded below.

a) Nd:YAG (Neodymium-doped: Yttrium Aluminum Garnet) laser is employed in tissue
cutting and ablative applications.

b) Tm:YAG (Thulium-doped: Yttrium Aluminum Garnet) laser is efficient for superficial
ablation of tissue, with minimal coagulation depth in air or in water.

6
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c) Argon laser is better accommodated for tissue coagulation.

d) CO; laser is better suited for both tissue cutting/ablative and tissue coagulation.

Nowadays, these surgical lasers are used in many areas of medicine. Some of the widespread
medical applications of lasers are described below according to the specialization.

a) Dermatology: this is the area in which the laser was first used for medical application.
In 1962 the dermatologist Leon Goldman used laser technology to rub out an unwanted
tattoo [175].

b) Ophthalmology: lasers are used in a variety of treatments in ophthalmology. The
classical system uses a laser source coupled with a microscope [111].

c) Gynecology: application of laser in gynecology has began in 1979. The typical system
employs laparoscopy instruments controlling the laser source from the exterior of the
patient’s body [124].

d) Laryngology: laser technologies have been used with laryngoscopes to treat diseases
in the laryngeal cavity. Significant applications have been found within the phonomi-
crosurgery, as described in next Section.

1.1.3 Laser phonomicrosurgery

Phonomicrosurgery describes a set of medical procedures used to treat abnormalities on the
vibratory elements of the vocal folds in order to restore or to improve voice function. It in-
volves the excision of tissue mass which could be a benign mass or a cancerous lesion. In laser
phonomicrosurgery the utilization of scalpel is being replaced by the use of laser technologies.

Phonomicrosurgery with laser as scalpel was introduced by Jako [90, 91] in the 1970’s.
Since then, a number of different laser technologies have been customized and employed in pho-
nomicrosurgeries: CO,, Thulium-doped: Yttrium Aluminum Garnet (Tm: YAG) and Neodymium-
doped: Yttrium Aluminum Garnet (Nd: YAG). Currently, within phonomicrosurgery, laser ap-
plications are mainly either ablation or cutting techniques. Examples of vocal fold abnormalities
treated with laser include vascular abnormalities, epithelial lesions, cysts, cancers, etc. [57], as
shown in Figure 1.5.

Even though there exists a variety of laser technologies, the prevalent traditional methodol-
ogy for remote control of the surgical laser is mechanical manipulator [57]'. This mechanical
manipulator as well as the laser source are located at about 400 mm from the vocal folds, as
shown in Figure 1.6. However, many of the difficulties associated in using this classical me-
chanical manipulator are rooted in the ergonomics of the device. As a result, the clinician has
no convenient way of steadying his/her hand while making precise and delicate movements nec-
essary to accurately and consistently aim the surgical laser. Thus, there is a considerable high
risk to burn healthy tissues. Furthermore, there are parts of the vocal folds that are not reachable

'Note that laser-based Tm-YAG lasers were introduced recently on the market [107], which allow to bring man-
ually the laser in contact with the vocal folds. However, this technique, being manual, does not guarantee accuracy
of the surgery.
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due to the fact that the laser source is placed out of the patient’s body and that the narrow space
that the laser beam should pass through the laryngoscope is very limited. Additionally, due to
the extreme neck extension of the patient during the surgery, side effects (like neck pain) may
appear and stay for a couple of days.

-
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FIGURE 1.6: Classical laser phonomicrosurgery being carried out by an experienced surgeon at
the ORL Department of University of Genoa.

Forearm Support

1.2 The uRALP project

The uRALP project was a three-year (2012-2015) Specific Targeted Research Project (STReP)
project funded under the European Commission 7th Framework Programme. The consortium of
URALP was composed of five institutions from three different European countries: France, Italy
and Germany. There are three technical partners, each one consecrated to build one functional
part within the project. They are:

¢ the Franche-Comté Electronique Mécanique Thermique et Optique - Sciences et Techno-
logies (FEMTO-ST) Institute which is a public research laboratory affiliated with the
French National Centre of Scientific Research (CNRS), the University of Franche-Comté
(UFC), the National School of Mechanical Engineering and Microtechnology (ENSMM),
and the Belfort-Montbéliard University of Technology (UTBM),

e the Istituto Italiano di Tecnologia (IIT) in Genoa,

¢ and the Leibniz Universitdt Hannover (LUH).
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The project also involved two hospitals that were directly in charge of the medical and
clinical information as well as with the facilities to the preclinical trials in cadavers. They are:

* the Centre Hospitalier Régional Universitaire (CHRU) in Besancon,

* and the Otorhinolaryngology Department of the University of Genoa (UNIGE).

1.2.1 Concept

The uRALP project focused on advancing the state of the art in laser phonomicrosurgery, which
currently relies completely on the dexterity of surgeons who must operate through a microscope,
control the laser directly by hand, and deal with the associated poor ergonomics of the operating
setup.

This project has gone beyond the contemporary experimental systems, which have limited
application range due to the dependency on an external microscope with direct line of sight
to the operating area. This progress relative to the existing technology was possible thanks to
the creation of a teleoperated surgical system based on a microrobot as an end-effector and
an adjustable laryngoscope to insert the microrobot and cameras inside of the patient’s body,
eliminating the need for the surgical microscope and its associated requirement for direct line
of sight to the vocal folds, as shown in Figure 1.7. This new system provides better accessibility
and precision to laser microsurgeries than current systems.

Surgical
Microscope

Image
fiber bundles
| el

speed
camera

Laser Laser
Micro Parallel fiber  source
Kinematic -

Machine Y ‘5= kT N

Laser beam
- Laser spot
Larynx Target path

Surgical Area

FIGURE 1.7: Concept of uRALP.

The central idea of the project was (and remains) to augment the surgeon’s dexterity, manip-
ulation skills and efficiency through advanced surgeon-robot interfaces, sensors, actuators and
supervisory safety. Contributions of tRALP are:

a) design, fabrication and control of a set of solutions to steer the laser,
b) vision-based control of the laser,

¢) close installation of cameras near the vocal folds for: surgeon stereo-vision, auto-
fluorescence imaging and vision-based control,

d) design and fabrication of a flexible laryngoscope to relieve the neck,

9
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e) creation of a intuitive surgeon-robot interface, as shown in Figure 1.8,

f) and cadaver trials,

FIGURE 1.8: Surgeon Tavernier drawing on a tactile tablet the laser path using the new concept
of uRALP.

1.2.2 Design, fabrication and control of a microrobotic system

The aim here consisted in developing a new microrobot able to precisely orient the laser beam.
A parallel structure was proposed for the microrobot mainly due to the offered accuracy and
rapidity and also because of the safety and mechanical robustness. Its end-effector (or, rather,
its mobile platform) must orient and actuate a micromirror to reflect the laser beam. The ac-
tuation of the microrobot was chosen to be based on smart materials locally embedded instead
of deported DC-motors and traditional hinges in order to minimize mechanical clearances and
therefore to minimize imprecision risk. Another advantage is the theoretically infinite resolution
that smart materials can offer. It was expected that piezoelectric materials would be combined
with silicon material because of the batch fabrication possible with the latter.

To improve the performance of the micromechatronic system, i.e. of the microrobot, a
feedback control was planned to be further implemented. Standard mechatronic design would
require the addition of sensors to the microrobot. However, a sensor that can provide the required
submicrometric accuracy, several hundred Hertz of bandwidth, and at the same time packageable
for the expected device does not currently exist. To overcome this limitation, this task also
investigates the use of a high-speed visual feedback for the low-level microrobot controller. A
particular challenge for that is the acquisition of information from the interaction of the laser
with the environment (3D information) and its use as feedback for the microrobot control [173,
7].

To summarize, the objective is to obtain a precise platform orientation according to a refer-
ence orientation provided by a higher level supervision.

10
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1.3 This thesis

The thesis deals with the design, development, modeling and control of the microrobot devoted
to orient the laser beam over the whole vocal folds. The microrobot was designed to be placed
at the end (distal-tip) of an adjustable laryngoscope. The microrobot dimensions must fit with
the space available in the human larynx and with the space assigned in the laryngoscope. The
specifications used for the design of the microrobot which were given in the early stage of the
project are described below.

1.3.1 Objectives and contributions of the thesis
The objectives of this thesis were:
* design of one micro parallel structure to perform laser steering onto vocal folds,
e fabrication of the designed micromechanism,
e derivation of the control-oriented model(s),
* accurate control,
 and integration in the adjustable laryngoscope.

All these objectives (save the integration) were reached with no one but two micromecha-
nisms, as will be described in this document. Before proceeding to the development of these
contributions, let us remind the specifications of the microrobot.

1.3.2 Specifications for the microrobot

The initial specifications used to design the microrobot were the result of many discussions
between the different partners of the project.

The design of the microrobot must be independent from the choice of the laser technologies
used (CO,, Thulium, etc). For that, reflective optics (utilization of mirrors) was chosen, instead
of diffractive optics (utilization of lenses). Another reason for this wavelength-independent
design is that, contrary to lenses, it allows to easily collimate a visible aiming laser with the
invisible surgical laser. Optical fibers must bring the laser beam from the external source to the
laryngoscope tip, in front of the vocal folds. The microrobot will reflect and orient the laser
beam towards the part to be treated, as shown in Figure 1.9.

Number of degrees of freedom (DoF)- To scan the entire vocal fold surface with the surgical
laser, a microrobot that has at least 2-DoF (orientation about the x — axis and about the
y — axis, z being the laser beam axis) is required as shown in Figure 1.10.

Working distance- The space between the end surface of the laryngoscope head and the vocal
folds is approximatively 20 mm, as depicted in Figure 1.11a. This is a trade-off between
the resolution and the microrobot range of motion (both increase as the distance to the
vocal folds shrinks).

11
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FIGURE 1.9: Use of the microrobot to position/orient a micromirror to reflect the laser beams.
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FIGURE 1.10: The two rotations (6, and 6,) required to scan the entire vocal fold.

Range of orientation- Based on the distance between the head of the flexible laryngoscope and
the vocal folds, i.e., 20 mm, it is calculated that the minimal range to be developed by the
laser beam is of +25° for each axis in order to cover their entire surface (roughly a circle
of 20 mm diameter), as shown in Figure 1.11b. This corresponds to an angle range of
412.5° for each axis of the mirror orientation, as shown in Figure 1.11c.

Scanning resolution- The scanning resolution of the laser onto the vocal fold should be better
than 100 um. This is equivalent to approx. 0.15° of resolution in each rotation angle of
the micromirror at the reference 20 mm of distance.

Biocompatibility- As the flexible laryngoscope and the head which encloses the microrobot are
aimed to work in-vivo spaces, the device should use biocompatible materials or sheltered
to ensure that it does not come in contact with the human tissues.

Bandwidth- The bandwidth is defined as the first modal frequency. A calculation (made by
the Italian team), based on the laser power, yields that a minimal bandwidth of 200Hz

12
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FIGURE 1.11: (a) The angle to be developed by the laser beam to scan the entire vocal folds. (b)
Calculus of the scanning angle of the laser beam. The microrobot should rotate half this angle
(£12.5°) because any angle developed by the mirror is the half of the angle developed by the
laser beam. (c) Calculus of the angle developed by the mirror.

from the microrobot is necessary to ensure a safety during the laser surgery. Indeed, if the
platform is not fast enough, the laser may damage healthy tissues of vocal folds and its
surrounding.

Focus system- To permit a good detection of the laser spot by the cameras and to permit a good
resolution of it on the vocal folds, its specified diameter was 200 pm in accordance with
the surgical image realized at the CHRU Besancgon with the Aclublade system, as shown in
Figure 1.12. That value was confirmed by comparison with the Aclublade datasheet (150
um) and with the 300 um achieved in [133]. To that purpose a system (focus system)
using a prism and a plane mirror, as shown in Figure 1.13, was proposed.

FIGURE 1.12: Approximate calculation of the laser spot diameter based on a standard laser
phonosurgery image provided by the CHRU of Besancon.

Size of the microrobot- The negotiations with LUH in charge of packaging many components
(cameras, light, tool channel, microrobot) in a limited diameter, yielded that the platform
should be enclosed in a cube less than 10 x 10 x 10 mm?.

13
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FIGURE 1.13: Principle scheme of the focus and optical system for the reflection of the laser
beam onto the vocal folds.

In summary, the specifications of the microrobot are:

i) 2-DoF (rotations about x-axis and y-axis),

ii) a minimal scanning angle of +£12.5°,
iii) a maximal space assigned within a cube of 10 x 10 x 10 mm?,
1v) a minimal bandwidth of 200 Hz,

v) and a scanning resolution” better than 100 pm.

Remind that it was decided that a parallel structure would be used for the platform. Also
the actuation of the microrobot must be based on smart materials locally embedded instead
of deported DC-motors, conventional hinges and/or cables. Such a technique minimizes the
mechanical clearances and therefore minimizes the loss of resolution and precision.

In this thesis two different microrobots are proposed. These two microrobots have different
kinematic structures. Though, they are destined to accomplish the same specifications.

1.3.3 Outline of the thesis

The structure of the thesis is as follows:

CHAPTER 2 gives the state-of-the-art of topics related to different domains involved in the
design and development of the microrobot. They include medical robotics, microdevices, mi-
crofabrication techniques, actuators compatible with microfabrication, parallel structures and
laser technologies. Finally, our proposition based on the state-of-the-art and the specifications
of the project is outlined.

CHAPTER 3 presents the kinematic structures of the two proposed microrobots: i) Micro
Agile-Eye which is based on a conventional kinematic structure, ii) and PiBot which is a new
parallel kinematic mechanism. Kinematic modeling is developed and screw theory is used for
that. Moreover, an analysis of the singularities is also made in this chapter. Finally, an analysis

2By scanning resolution, we mean the diameter of the laser spot on the vocal fold.

14
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of the laser beam kinematics is done. Contribution of this chapter deals mainly with: i) the
proposition of two concepts to obtain microrobots with large amplitudes and high bandwidth
and ii) the introduction of a new parallel kinematic mechanism (PiBot).

CHAPTER 4 deals with the proposed fabrication process which is used for the first time
to fabricate microrobots with parallel structure. The materials used and the microfabrication
procedures are presented for that. Results are shown for the two proposed parallel structures.
Then the analysis of the precision achieved with the structures proposed is performed using
Interval Analysis. Contributions of this chapter are: i) fabrication of micro parallel kinematic
mechanisms with a recent fabrication technique, ii) and the model of uncertainties due to the
fabrication method using exponential representation of a homogeneous transformation in a par-
allel structure.

CHAPTER 5 presents the last contribution of this thesis, namely the coupling of feedfor-
ward compensation of the nonlinearities and vibrations exhibited by the piezoelectric cantilever
actuators with visual feedback of the parallel kinematic mechanisms. Thus, in this chapter two
main control schemes are proposed: i) a control scheme for a microrobot parallel using visual
servoing, ii) and a control scheme which combines classical visual servoing feedback with feed-
forward compensation. For that, a full characterization, modeling and compensation procedure
of these phenomena is proposed.

Lastly, conclusions are given in CHAPTER 6. A brief discussion on scientific and technical
perspectives is also laid out.

15






Chapter

State of the Art

This chapter deals with the current state-of-the-art of the several topics which are
related to our work in this thesis. Firstly, a survey of medical robotics is given, with
a reminder of the position of our work relative to them. The second part deals with
microdevices, where we quickly survey microplatforms and microfabrication tech-
niques. Further, a survey and a comparison of actuators destined to high resolution
positioning is given. Subsequently, a brief explanation on compliant mechanisms
is provided. Later, a survey on parallel robots is proposed in relation to the micro-
robotics issues. Afterwards laser technologies are detailed. Finally we conclude
the chapter with our proposition regarding a novel 2-DoF microrobot, with high
scanning resolution, high range, high bandwidth and high compactness devoted to
phonomicrosurgery tasks.
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2.1 Introduction

The design, fabrication and control of a microrobot devoted to improve the level of knowledge
and of development achieved in laser phonomicrosurgery involve several topics. Some of these
topics are reviewed in this chapter.

 First, we review medical robotics in Section 2.2.

* As the robot that we will design should have small sizes (millimetric or submillimetric),
microdevices are afterwards reviewed in Section 2.3.

* The performances specified for the application also lead us to do a survey on possible
actuators for microdevices. This survey is presented in Section 2.4.

* Most devices used as laser steering have a closed loop architecture. Thus a review of
parallel robots and their issues is treated in Section 2.6.

* Finally, we review laser technologies in Section 2.7.

2.2 Medical robotics

2.2.1 General aspects

The strong demand to improve health quality has expanded the horizons of medical treatments.
The synergy between robotic technologies and medical knowledge (transfer of medical knowl-
edge to robotic technologies and use of robots for medical applications) is increasing to answer
that demand and results in the so-called medical robotics.

More formally, medical robotics consists in combining the medical practitioner knowledge
and skills with a robotic system. The emerging medical applications of robots can be classified

18
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FIGURE 2.1: Medical applications of robots.

into: surgi(:al1 robots, rehabilitation robots, bionics, surgical simulators, telemedecine, health
care, patient management and diagnostic system, as depicted in Figure 2.1.

Surgical robots are all the technological developments which use robotic systems to aid in
surgical procedures or in surgical tasks. Surgical tasks employ robotic technologies in order to
achieve better performances than conventional surgeries. Dario [40] claims that surgical robots
would become a powerful surgical technique beneficial to the patients integrity, time of recovery
and cost for assistance. Numerous researches in the field of surgical robots have been carried out
during the last twenty years. However only few of them have been industrialized [42]. There are
several similar terms to describe the surgical robots: robotic surgery systems, computer-assisted
surgery, robotically-assisted surgery.

Surgical robots have therefore some characteristics that differ from other medical robots. These
characteristics are listed below.

* They are generally in contact with the patient.
* They are usually designed to specific applications.

* They must be easily movable and manually controllable.

They are able to perform non-repetitive tasks.

* They should be able to resist an optimal cleaning and sterilisation process.

Furthermore, surgical robot systems have potential benefits relative to the other medical robots.
They are listed below.

I'Surgical is the adjective relative to surgery which implies a physical intervention on tissues either for diagnosis
or treatment.

19
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* They can couple many sources of information (blood pressure, temperature, pulse, etc.)
to generate one action.

* They can be used in hostile or space-constrained areas.

Small targets (blood vessels, cysts, nodules among others at millimeter-scale) can be
reached.

* The medical capabilities of the surgeon is highly augmented.

A classification of surgical robots was given by J. Troccaz [160] where four classes have
been proposed: i) passive systems that only provide information to the surgeon, ii) active sys-
tems that performs (semi)automatic procedures under human supervision, iii) interactive sys-
tems (mechanical guides, haptic feedbacks), iv) and teleoperated systems. This classification
was complemented by P. Dario [41] into a matrix classification. This matrix denotes the inter-
action type (passive, active, interactive or teleoperated) versus the type of access (traditional,
minimally invasive or endocavitary/endoluminal access), as shown in Figure 2.2.

] Type of Access

Minimally Endocavitary/
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Access access
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Autonomous Systems that execute a planned program
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FIGURE 2.2: Classification of surgical robots given by P. Dario [41].

Surgical robots can also be classified according to the sizes of the robot used for the in-
tervention. Actually, microrobots for medical applications are the third-generation of medical
robots according with [179]. Thus, macrorobots are usually used in open-body surgeries, while
microrobots are usually used in minimal invasive surgeries (MIS). With tRALP, endoluminal
laser surgeries (ELS) are aimed. ELS necessarily make use of tiny devices (microrobots) to per-
form such surgeries. In ELS the scalpel is often replaced by a medical laser to perform cutting
or ablations of tissues, in order to avoid the tool/tissue contact that could be damageable to the
microstructures of the vocal folds.
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2.2.2 Robot-assited phonomicrosurgery

Currently, to perform surgeries of the vocal folds, the existing systems combine microgrippers,
laser technologies, robotics guidance, and optical systems. Some of them are still at the research
level and others are already industrialized and available on the market. They are listed below.

Systems proposed by Lumenis This company [107] proposes two systems described below:

* AcuBlade is a system which is placed out of the patient’s body and the system fo-
cuses a laser spot onto the vocal folds using a laryngoscope, as shown in Figure 2.3a.
The system is driven by a joystick and the CO2 laser source is placed at 40 cm of
the aim. Nevertheless, the system has some automated (open-loop) tasks. AcuBlade
is the most extended commercialized system to perform phonomicrosurgeries.

* AcuPulse is a system used manually to bring a surgical laser beam (Tm:YAG) into
the larynx cavity using a laryngoscope and an optical fiber, as shown in Figure 2.3b.
The system is limited in accuracy since this depends on the surgeon’s hand. Never-
theless, the system has appropriated size to perform endoluminal treatment.

(b) AcuPulse system.

FIGURE 2.3: Systems proposed by Lumenis.

21



22 CHAPTER 2. STATE OF THE ART

System proposed by Johns Hopkins University In [22] Blanco et al. proposed a system using
two manipulators based on a mechanical gripper and on a laser scalpel as end-effector, as
shown in Figure 2.4. The system is teleoperated and the accuracy, again, depends on the
surgeon’s hand. Nevertheless, the system performs endoluminal surgeries.

(a) Internal view. (b) External view.

FIGURE 2.4: Use of the Da Vinci robot for transoral surgery using a gripper and a laser scalpel.

System proposed by the University of Pittsburgh The highly-flexible system is a snake-like
mechanism introduced in the laryngeal cavity to perform retraction and cauterization
[149]. The system was initially developed for cardiac surgery (under the name of Car-
dioArm [130]). It was demonstrate to be insertable, without neck extension, in the larynx.
Yet discussion between the tRALP coordinator and this group raised the impossible use
of this system for phonosurgery as it is because the size constraint prevents from deploy-
ing the microarms. Moreover, the system is limited in accuracy due to the fact that it is
teleoperated. In addition the system is bulky, it takes a lot of space in front of the patient’s
mouth and in the operating room, as shown in Figure 2.5. Nevertheless, complex maneu-
verability in three-dimensional space is performed with its teleoperated robotic arms.
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FIGURE 2.5: (a) Whole system holding the flexible endoscope. (b) Set of tools at the end of the
endoscope.

System proposed by the Memorial Sloan-Kettering Cancer Center Their solution is based
on the steering of a CO2 laser beam onto the vocal folds using a specific adaptive re-
fractive optical setup known as Risley prisms [133], as shown in Figure 2.6. The main
limitations are: i) the small range of angles (3°) performed by the laser beam, ii) the lack
of uniformity of the laser spot (size and power) onto the vocal folds tissue, iii) and the
lack of informations about the current position of the laser sport since that only the CO2
laser is steered without a collimate visible laser.

()

FIGURE 2.6: (a) Distal tip of the endoscope. (b) Lenses and motors inside of the endoscope.
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System proposed by the University of Texas at Austin Ben-Yakar group proposes a solution
for treatment of diseases of vocal folds using optical lenses adapted to modify the orien-
tation of a femto-second laser beam [49], as shown in Figure 2.7. The system is limited,
again, by: i) the small range of angles performed by the laser beam, ii) and the lack of
uniformity of the laser spot (size and power) onto the vocal folds.

FIGURE 2.7: Endoscope using a femto-second laser.

Table 2.1 summarizes some characteristics of the existing systems for phonomicrosurgery.
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2.3 Miniaturized positioning devices and their fabrication

2.3.1 Microfabrication techniques

Diverse techniques exist to microfabricate miniaturized and actuated structures. The principal
techniques can be summarized as follows and as presented in Figure 2.8, where approximative
dimensions are also displayed:

CMicrodevices

[ Mechanical Machining |

| Ultrasound and EDM |

Microfabrication
« Top - Down »

Auto-assembly
« Botton — Up »

| 3D Printing |
I |.' ' E . -E |. I
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Hydrogen DNA Carbone Virus Bacteries Helicoidal MagpieR MEMS Accelero-  Kuka
Atom strand Nanotubes 40nm 1pm Robot Robot 500pum meter Robot
1A=0.1nm  2nm 20nm 20um 200pum 2cm 1-3m

FIGURE 2.8: Different fabrication processes of microdevices.

lithography,

techniques by layers,

* doping,

* chemical attack or etching,
e lift-off,

* microfabrication by electrical discharge machining (EDM),
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* microfabrication by laser,

e micromachining by ultrasound,

e micromechanical machining,

* 3D printing,

 and smart composite microstructures (SCM).

Each of them is briefly described below.

2.3.1.1 Lithography

This technique allows to remove or to add material in the form of a pattern. The lithography
is also used to prepare substrates for subsequent processes, for instance for further and other
microfabrication techniques [181, 108]. The most common form of lithography is photolithog-
raphy. A photosensitive resin is placed onto the support previously prepared and heated. The
thickness of the resin is approximately 1 ym. Then a mask on which is drawn the desired pat-
tern is placed above the resin and the whole is attacked by light. This latter can be a visible
light, x-rays, electrons or ultraviolet rays (UV). After the light exposure, depending whether the
resin is negatively or positively photosensitive, a part is thereof eliminated. A description of the
process is shown in Figure 2.9.

Resist g
Substrate ————#=
hu
Mask —D—Mllmllm Exposure

e

Etch

FIGURE 2.9: General schematic of the steps in a lithography process by using positive and
negative resist (image from Henderson Research Group [64]).

2.3.1.2 Techniques by layers

This method consists in adding conductive or insulating layers on an initial substrate [33]. The
thickness of the layers can be different. This technique can be performed in three different ways:
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* deposition of thin layers: the thickness varies from a few nanometers to several microme-
ters. It was originally used to produce semiconductors. The layers have two functions: it
serves as conductive circuit and as structure of the chip. To deposit these layers, there are
three methods:

— thermal deposition which is based on the oxidation of the silicon substrate by expos-
ing it to oxygen at high temperature (1200° C). The resulting substrate is chemically
resistant.

— direct deposition which is based on direct spraying or PVD (Physical Vapor Depo-
sition). With these two physical principles, layers of aluminum, chromium, nickel
or platinum can be deposited on a substrate.

— chemical deposition which is based on the deposition of materials as liquid, solid,
gaseous or plasma state. The most used state is gas (CVD or Chemical Vapor De-
position). These depositions are placed in a reactor where happens one chemical
reaction on the surface. Depending on the operational pressures and temperatures,
there is the PECVD (plasma-enhanced), the APCVD (athmospheric pressure), the
LPCVD (low pressure), the VLPCVD (very low pressure), the MOCVD (metallor-
ganic chemical) and pyrolysis spray.

e deposition of thick layers which is standard in microelectronics to produce printed cir-
cuits. There are different methods of thick film deposition. For example, by screen print-
ing in which one special adhesive is applied onto the substrate via a mask. The whole is
then heated at high temperature. The maximum resolution of deposition obtained from
this method is 50 um.

* deposition from a liquid phase in which there are three ways to deposit the material on a
substrate:

— by galvanic way: the substrate is immersed in an electrolysis solution containing the
atoms of the material to be deposited. Then a voltage is applied. The atoms are then
deposited onto the substrate.

— by catalysis: the patterns are created by photolithography on an active catalytic
metal substrate (for instance Platinum or Palladium). Then the whole is immersed in
an electrolyte solution of metal atoms. Finally the patterns are filled by the deposited
metal and the resin of the photolithography process is removed. This method is
mainly used to deposit metals.

— by spin coating: a layer of a material under liquid phase is placed on the substrate
and turned at high speed with this latter. The liquid distributed over the surface is
hardened via a drying process.

2.3.1.3 Doping

This method is the most known for manufacturing semiconductors in microelectronics. It is
mainly used for silicon materials. This method consists in introducing doping atoms in a sil-
icon substrate which permits to change its properties such as: electrical, corrosion, burning
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temperature, hardness, etc. [154]. There are two doping sub-methods: by diffusion and by ion
implantation.

mEcactoncen
(1)

Substrate

Atoms introduced

to the substrate 3

(2) Doped substrate

FIGURE 2.10: General schematic of the doping process.

2.3.1.4 Chemical attack or etching

This method consists in burning and removing unprotected part of a substrate. A resistance layer
with patterns (mask), is used to separate protected and unprotected parts [103]. There are two
methods of chemical etching:

» wet chemical attack in which the entire substrate and mask are plunged in an etching bath
or sprayed on with etching solutions (acid or alkaline). If the material is monocrystalline,
the attack depends on the crystal direction. It is an anisotropic etching. If the material
is polycrystalline or amorphous, the attack is the same in all directions. It is an isotropic
etching.

 dry attack in which the substrate with the mask is exposed to an ionized gas (plasma).
The pattern appears during chemical interactions between the gas and the atoms of the
non-protected substrate.

2.3.1.5 Lift-off

This method is generally used to fabricate pins of chips. After a process of photolithography,
a material is sprayed to the substrate. The remaining resin is finally removed and the desired
structure is obtained [83]. This technique is applied when a direct etching of the material has
undesirable effects on the layers.

2.3.1.6 Electrical discharge machining (EDM)

The electric discharge machining (EDM) consists in removing materials by using an electrical
spark. In fact, the tool and the material to be machined serve as electrodes to which a voltage is
applied. The material removal is caused by high local heating. The two electrodes are plunged in
a dielectric fluid which is intended to clean the surface and to rapidly re-solidify it. The material
to be machined is generally electrically conductive but semiconductors (as silicon) can also be
treated. An advantage of this method is that it allows to machine extremely hard metals [5].
There are two EDM methods depending on the tool used: EDM by wire and EDM by sinking.
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* EDM based on wire: the wire is generally made of copper or tungsten with a diameter of
25 pm to 300 pum.

* EDM based on sinking: the tool is a volume or a hole having the shape complementary
to the desired final piece. The matrix (the tool) is made of copper or graphite, while the
dielectric fluid is oil or gasoline.

2.3.1.7 Microfabrication by laser

Micromachining with laser allows to vaporize portions of a material in a selective mode to
achieve the desired design [45]. Its main advantage is the ability to machine a wide variety of
materials: most of metals, ceramics, plastics, carbon fiber, etc. There are two methods of laser
micromachining as described below:

* by focusing the laser beam: the laser beam is focused in a point on the workpiece material.
Then moving the laser spot in the axes x, y or z permits to vaporize portions of this. This
method is useful for drilling or cutting, as shown in Figure 2.11.

* by projection on a mask: a mask pattern is placed between the laser source and the work-
piece. This method permits to only vaporize the non hidden parts. In general, it is used
for superficial patterns. To get considerable depth the operation is repeated several times.

LASER PLANE
MIRROR
FOCUSING
LASER MOTION LENS
GAS INLET
WORKPIECE
SUPPORTS & WORKPIECE

FIGURE 2.11: General schematic of the laser micromachining process using a laser beam fo-
cused on a point of the workpiece (image from [50]).

2.3.1.8 Micromachining by ultrasound

When materials are not conductors or semiconductors or when their surfaces are difficult to
machine chemically, most of the processes mentioned above do not work. Ultrasound based
methods are among the processes that treat virtually any material. They can machine hard
materials as well as fragile materials, conductors and insulators. The principle is based on a tool
with a vibratory movement perpendicular to the surface of the workpiece, and on the injection
of an abrasive liquid between the workpiece and the tool [191]. The active surface of the tool
reproduces the shape of the required machining. Fragile materials are easier to machine. The
precision depends on the amplitude of the vibrations performed by the tool and by the class of
the abrasive used. The speed of machining depends on the type of the abrasive, the amplitude
and the frequency of the vibrations.
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2.3.1.9 Micromechanical machining

Micromechanical machining meets all the classical mechanical machining (milling, drilling,
turning ...) but with dimensions lower than the millimeter. Drilling was the first process to
be downscaled and the resulting new process was called microdrilling. Most of the methods
presented above do not involve measurements verification (metrology) during the manufac-
turing process, contrary to micromechanical machining. In micromechanical machining the
relative tolerance can vary from 10% to 0.1% of the micro-object dimensions [140, 89, 77].
Micromechanical machining includes the following processes: microdrilling, microturning, mi-
cromilling, micropolishing, microgrinding, microsawing.

2.3.1.10 3D Printing

This technique is a particular case of fabrication by layers (see Section 2.3.1.2). 3D printing
is based on the deposition of thick layers of a melted resin [19, 169] or melted metals [135].
The resolution of the obtained devices is about 50 um. This technique is mainly addressed to
fabricate supports and basis and to rapidly make prototypes, as shown in Figure 2.12.

FIGURE 2.12: 3D printing process (image from [2]).

2.3.1.11 Smart composite microstructures (SCM)

As seen above, microfabrication in the fields of MEMS and microelectronics are based on pla-
nar technologies: constructing the devices on planar substrates. Microelectronics industry has
made huge investments to develop wafer-based process technologies. Thereby, there is a corre-
spondingly huge advantage for MEMS designers to exploit the same processes like lithography,
doping, etching, etc. However, all the resultant devices made with these processes are con-
strained to be 2D-structures. These 2D-structures can reach very small rotations (out of the
plane) and small translations i.e. the material of the structure are forced to be compliant. How-
ever, unfortunately and frequently, specifications are more demanding than what the material
can afford without breaking or decreasing drastically its lifetime.
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F1GURE 2.13: Construction of four-bars and five-bar structures from links and flexure elements
[157] by using SCM technology.

FIGURE 2.14: Example of Micro-Air-Vehicle (MAV) using SCM [186].

The SCM fabrication process consists in building structures of 3D shapes from 2D initially
fabricated patterns. These structures are made of high stiffness materials (as rigidified carbon
fiber layers) combined with thin and flexible materials (as layers of polyimide). The patterns are
first fabricated and micromachined by laser (see Section 2.3.1.7). Then, all the components are
bonded into a flat structure on an oven. Later, these flat structures are folded in order to obtain
3D structures, as depicted in Figure 2.13.

The SCM technology has been developed and explained in [157, 186, 185, 72] and has
been intensively used to fabricate mobile robots and micro-air-vehicles (MAVs), as depicted
in Figure 2.14. SCM technology gives another option to scale down traditional mechanisms
replacing conventional revolute joints by compliant joints.
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Among the SCM benefits, we have:

e structures made by SCM are easy to assemble,
* the manufacturing cost is relatively low,

* SCM technique provides the possibility to scale mechanisms easily.

Hence the ease of assembly and the low cost can facilitate the serial production of microde-
vices using SCM. In addition, to be easy to scale, SCM allows the ease of customization of the
products.

2.3.2 Microplatforms and microsystems for precise positioning

In this section, we provide some existing platforms and microsystems for precise positioning
i.e. micro/nanopositioning. The survey is limited to systems which have dimensions less or
equal to the specified dimensions (10 x 10 x 10 mm?). It is worth to notice that in some cases
the device alone can have very tiny dimensions but the whole package (including mechanical
support and electrical connections) can exceed the specified dimensions. Among the variety
of microplatforms, we can classify them into two categories according to the operation mode.
They are listed below.

a) Resonant or dynamic operation mode: In general, the devices in this class have a
high-speed with low power consumption. This kind of microdevice has the operation
point at a resonance frequency. High frequencies are therefore used and large displace-
ments are usually obtained. The limitation of these systems is the non-controllability of
the path or of the trajectory. Today many commercial actuated micromirrors use such
a resonant mode of operation. Some devices using this operation mode are described
in [35] and one example is the DMD (Digital Micromirror Devices) from Texas Instru-
ments [1]. They are mainly used in applications such as image projection, switch of
optical fiber to optical fiber and OCT (optical coherence tomography).

b) Static operation mode: The devices in this class perform less angles than those of
resonant mode. The advantage is the total controllability of the position and orientation
of the platform. They have many applications such as optical target tracking [183]. Our
objective lies more in this class.

Let us now review platforms working in static operation mode.

In [188], a 3-DOF platform able to position a MEMS mirror (two orientations and one linear
motion) was developed, as shown in Figure 2.15. Based on the electrothermal principle, the
platform is used in an endoscopic probe of diameter less than 5.3 mm and has chip dimensions
of 2 x 2mm?. Despite the compactness of the platform, its range (2.5°) is limited and is far less
than the specifications in the tRALP project.
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Electrothermal
Actuators

FIGURE 2.15: Platform based on the electrothermal principle [188].

In [193], the same platform as in [188] was developed, but instead of using electrothermal
actuation, piezoelectric actuators were employed in order to increase the bandwidth, as shown
in Figure 2.16. The device shows a first resonant frequency more than 250 Hz, however its range
of orientation is still limited to less than +1°.

PZT
PT seed Layer.

Pt/Ti bottom electrode

FIGURE 2.16: Platform using electrothermal and piezoelectric actuators [193].

A 2-DoF (one translation and one orientation) electrothermal platform with 1 x 1 mm? chip
devoted to endoscopic optical coherence tomography (OCT) was also developed in [86], as
shown in Figure 2.17. This platform possesses a high range and a high bandwidth. Indeed,
its range of positioning is in excess of —20°/+ 50° for the orientation and the bandwidth is
more than 250 Hz. However, the heating temperature is high (more than 100°C) and may not be
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convenient for phonomicrosurgery applications. Moreover, its kinematics does not allow for a
static center of rotation, which is required by our application.

e ey

FIGURE 2.17: Platform with high range and bandwidth but with a very high heating temperature
[86].

A modified version of the platform in [86] was proposed in [88] in order to increase the trans-
lation range. Despite the good performances, the working temperature range (about 150°C) of
the device is still not adapted to the applications considered in the tRALP project, in particular
for biocompatibility reasons.

Another electrothermal 2-DoF platform was proposed in [146], as shown in Figure 2.18.
Based on Z-shaped electrothermally actuated cantilevers allowing positive-and-negative move-
ments, the platform includes sensing elements all in less than 2 x 2mm? chip. Despite its high
level of packageability, the offered type of DoF (1 orientation and 1 translation) is not congruent
with our requirements and the developed angles are not enough.
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FIGURE 2.18: Platform with electrothermal actuation [146].

An electrostatic 2-DoF (translation-translation) actuated platform was proposed in [51], as
shown in Figure 2.19. The platform possesses an important resonant frequency (more than
800Hz). However the movement is uni-directional and then can not satisfy applications that
require positive and negative directions. In addition, once again the type of DoF (translation-
translation) is not suitable for our application.

Mechanicgh
Stopper

frame

‘/4 Suspengioh

Comb=driven
cleetrestatic
actuator Beam fleXures

FIGURE 2.19: Platform actuated by comb-drive electrostatic (capacitive) actuators [51].
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Other electrostatic 2-DoF (orientation-orientation) platforms were studied in [158, 100, 137,
170]. The designs offer resonant frequencies of about 720 Hz and rotation angle between +5.5°
and 10°, as shown in Figure 2.20. Again compared to the specifications of the tRALP project,
these ranges are not sufficient enough.

CAVITY

FIGURE 2.20: Platform with electrostatic actuation [100].

Electromagnetically actuated 2-DoF (orientation-orientation) platforms have also been de-
veloped. They demonstrated rotation angles of +15.7° [30] and +18° [20]. The main limitation
is that they require large external magnets that imped the suitability of such techniques to pack-
ageable platforms such as required in the uRALP project.

2.4 Actuators for high resolution positioning

Actuators transform electric, thermal, magnetic or other energy type into mechanical work.
Actuators are key components in robotics. Usually, in micromechanisms, the word used to
designate actuators is “microactuators”. In these micromechanisms, the microactuators are often
made of active or smart materials. Active materials have remarkable features such as high
resolution and/or high bandwidth. In addition, most of them can be used for sensing additionally
to the actuation. However, active materials are also very sensitive to environmental conditions
and have usually strong nonlinear behavior such as hysteresis which need to be compensated by
a suitable control system.

The choice of a microactuator for a micromechanism is done to meet several criteria such
as:

* the input energy,
* the power consumption,

* the strain amplitude,
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¢ the available dimensions,

* the available fabrication technology and associated ease of use,
* the repeatability and the bandwidth,

* the force and the torque to be developed,

* the stiffness,

e the cost,

* and the biocompatibility.

A microactuator has an identical definition to that of a traditional actuator, which is a system
that transforms any type of energy (electric, thermal, magnetic, chemical, etc.) into mechanical
work (displacement and force) [48, 58, 138, 59]. In micromechanisms, the term microactuator
implies that the transducer that generates the displacement typically provides micrometric or
submicrometric resolution. The dimensions of a microactuator are generally lower than 10 mm.

According to the input energy, there are different types of actuators usually used, as shown
in Figure 2.21. They are described in the following subsection. This part is inspired from [141].

2.4.1 Thermomechanical Conversion

Here the input energy is thermal. Such actuators have the disadvantage of being slow and are
subject to heat dissipation concerns.

Microactuators obtained with thermal dilation of a solid The thermal dilation of a solid is
exploited here. An example is the actuation of the micromirror in [87]. Usually, the
actuator is based on two or more materials of different dilation-coefficients.

Microactuators based on thermal expansion of a gas As Gay Lussac’s law describes, the vol-
umetric expansion of a gas can be used to create a displacement. Examples of these
microactuators are the micro-engines proposed in [112, 105].

Shape Memory Alloy microactuators (SMA) A shape-memory alloy is an alloy that finds its
original shape when heated [98, 18, 23, 150, 95], the original shape being created by
cold-forgoing. Their principle is based on solid-state to solid-state phase change. These
alloys are still relatively expensive to manufacture and are difficult to machine compared
to other materials such as steel and aluminum. Most SMA’s have poor fatigue properties.
An example of utilization of SMA is the active endoscope based on SMA microactuators
[109].
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FIGURE 2.21: Actuators Classification

2.4.2 Magnetomechanical Conversion

The input energy is of magnetic type. Magnetic principle based actuators have the advantage
of possible remote control. However, the repeatability is weak and the actuators exhibit strong
nonlinear behaviors.

Magnetic microactuators Here the attraction force produced by a magnetic field” is used to
create a displacement of ferromagnetic materials. However the use of high frequencies
(KHz, MHz) and high amplitudes magnetic fields can be harmful for humans as described
in [163], making this type of actuators less convenient for medical applications. An ex-
ample of this type of actuator is the magnetic micromotors of [25].

Magnetostrictive microactuators These actuators have their shape and dimensions changed
when subjected to a magnetic field due to the magnetostriction property [126, 65, 174].

2Magnetic field: generated by permanent magnets or electromagnets.

39



40 CHAPTER 2. STATE OF THE ART

An example of application is the loudspeaker based on magnetostrictive microactuators
[12].

Magnetic fluid microactuators These actuators use fluids that respond to magnetic fields: mag-
netorheological fluids and ferrofluids [28, 4, 189]. An example of this type of actuator is
the micropumps described in [81].

Magnetic Shape Memory Alloy microactuators (MSMA) The principle is similar to classi-
cal SMA, but instead of the temperature, the excitation can also be a magnetic field
[56, 54, 55]. An example of this type of actuator is the microvalves for fluid control
systems described in [118].

2.4.3 Electromechanical Conversion

The electromechanical conversion is based on the transformation of electrical energy into me-
chanical energy.

Piezoelectric microactuators Piezoelectricity is a phenomenon which makes electrical charges
appear on the surfaces of a material when it is exposed to a mechanical load. This is called
the direct piezoelectric effect’ which is used for sensor design. This effect is reversible.
In the converse effect, deformation is obtained when an electrical field is applied*. Piezo
actuators offer a high resolution (up to some nanometers), a high bandwidth (up to tens
of kilohertz) and a high force density compared to others smart materials. All that makes
them well recognized for microactuators design [13, 34, 92, 104, 10, 43]. Lead Zirconate
Titanate (PZT) is the most used piezoelectric material in the world and its biocompatibil-
ity has been proven in [125] under certain conditions. Piezoelectric microactuators can be
piezostacks [9] or piezoelectric cantilevers. In cantilevers, the section can be rectangular
(multimorph) or circular (piezotubes). These simples structures can be used to develop
more complex systems like Inch-Worm [176], Impact-Drive [67] or Stick-Slip [134] ac-
tuator. However these arrays allow to increase the range of movement but decrease their
dynamic performances.

Electro-Active Polymers based microactuators (EAP) Electroactive polymers are polymers
which exhibit a deformation when they are exposed to an electric field. The deformation
can be large but the generated forces are often weak. They are considered as biocom-
patible. In addition, the input voltages used to supply them are low. However, most
electroactive polymers typically have low bandwidth, making them not suitable for ap-
plications with high speed tasks [156]. An example are the micromuscles developed in
[117].

Electric fluid microactuators They are fluids that react to an electric field. They often require
high input energy. An example is the valves controlled by fluids electrically actuated
described in [27, 26].

3Discovered by Pierre and Jacques Curie in 1880 [113].
“4Predicted by Gabriel Lippmann in 1881 and immediately confirmed by the Curie brothers [32].
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Electrostatic microactuators The principle of operation is based on the Coulomb attraction
between two electrically charged bodies. The force generated by the actuator depends on
the distance between the surfaces, the levels of electric charges and the media between
the two surfaces. The operating voltage for this kind of microactuators are between 40V
and 200V [114, 39, 99, 14, 84]. An example is the arrays for air-flow control described
in [52].

2.4.4 Fluid Mechanic Conversion

When the pressure or the flow of a hydraulic or pneumatic fluid is used to obtain a linear or an-
gular motion or a bending, a fluid mechanic microactuator is obtained. Currently, few numbers
of fluid mechanic microactuators exist. An example is the scanner endoscope system developed
in [153].

2.4.5 Multiple Conversion

When several energy conversions are used in the same microactuator, the multiple conversion
principle is achieved. Actuators of this principle are also called hybrid actuators. The commonly
used of this kind is the electrothermal microactuators that combines electrical and thermal en-
ergies to provide a mechanical work. More precisely, electricity is used to create the thermal
energy, by Joule effect, and this later is employed to create the mechanical displacement of force
[147].

2.4.6 Summary on microactuators

Each of the above microactuator offers advantages and disadvantages. Certain criteria should be
used to evaluate and thus to choose the actuators, all that depending downright of the application.

Table 2.2 synthesizes the different characteristics of these actuators. They are: the reso-
lution, the energy density, the possibility or not to have bi-direction of actuation, the typical
response time, the connection type, the efficiency’ and the biomedical compatibility.

SEfficiency to transfer the input energy to the output.
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2.5 Compliant mechanisms

Nowadays, miniaturizing devices is a trend in several areas. Nevertheless, the direct miniatur-
ization poses challenges at different levels, including the assembly process. Thereby, a basic and
essential desire is to build complex micromechanisms with few small pieces and components
to be assembled. Micro-assembly tools such as grippers or others mechanisms without contact
are still under development [152, 3]. To remedy this lack of tools of micro-assembly, compliant
mechanisms have been proposed as one of the bases in the manufacture of microdevices.
Compliant mechanisms, also called mechanisms with flexure hinges, are suitable to that
spirit since they can be fabricated with only one bulk (a monolithic structure) instead of several
components like in classical mechanical hinges. A definition given by [106] of a flexure hinge
is a thin member that provides the relative rotation between two adjacent rigid members through
flexure.
Some of the advantages of flexure hinges are:

* no friction and thus high resolution,

* no lubrication required,

* no backlash due to mechanical clearances, therefore hysteresis is prevented,
* possibility to be integrated in microscale structures,

* easy to manufacture,

* practically no maintenance needed.
Yet, flexure hinges have limitations, such as:

* relatively low range of rotation,
* complex deformation (torsion combined with flexure/bending),

* non-fixed rotation center during the deformation of the flexure hinge,

high local divergence of stress around the deformed part of the flexure hinge,
* different spring rates in the rotation,

* sensitivity to temperature variations.

Most of the time, micromechanisms are based on smaller subparts. These subparts generate
their motion by means of flexure-like components, as shown in the Figure 2.22. Generally they
are fabricated by removing materials from the initial wafer, for instance with either end-milling
or electrical discharge machining or photolithography, as was discussed in Section 2.3.1.

Nevertheless, SCM fabrication process (quickly discussed in Subsection 2.3.1.11) proposes
a different way to create flexible hinges made up of polyimide and rigid links based on carbon
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FIGURE 2.22: Compliant mechanical part.

fibers. Flexure hinges made by SCM are flat in the beginning (planar shape) and they are sup-
posed to be compliant only along an axis, which gives them a relative rotation between the two
rigid parts. They are usually symmetrical about the longitudinal and middle transverse axes,
as shown in Figure 2.23. Flexure hinges of polyimide (sheet of 10um of thick) are completely
compliant i.e. without opposition caused by the rigidity of the material. These compliant hinges
yield relatively high range of rotations. However, these hinges present complex deformation
(torsion combined with flexure/bending) which can affect the precision of the end-effector of
the robot.

() (b)

FIGURE 2.23: (a) Flexure hinge manufacture with SCM technology. (b) Flexure hinge with
rotation about the x-axis.

2.6 Parallel Kinematic Mechanisms (PKM)

Among the variety of microdevices which we have shown in Section 2.3.2, most of them have a
parallel architecture. Despite the numerous works on microplatforms, their analysis as parallel
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structures has not been enough carried out. This is why this section is dedicated to give a general
overview of parallel kinematic machines.

Over the last two decades, parallel manipulators have received a great attention because
they have special attractive characteristics such as high stiffness, high local dexterity, low iner-
tia effect, less sensitivity to input errors, high speed conservation, large payload capacity and
compact size [120]. An example of a PKM is shown in Figure 2.24.

FIGURE 2.24: A 6 DoF parallel robot [136].

Generally a parallel manipulator consists of two rigid plates (the moving and the base plat-
forms) and several actuating links that provide the corresponding degrees of freedom (DoF) for
the moving platform with respect to its base platform. There are several similar terms to describe
them: parallel robot, parallel mechanism, motion platform, in-parallel mechanism, parallel-link
mechanism, closed-loop mechanism, parallel kinematic machine (PKM).

For conventional robot, the kinematic transformation of linear displacement to rotation and
conversely rotation to linear displacement is achieved through mechanical joint. It is not con-
venient for mesoscale and microscale robots due to the space limitation. Furthermore, the su-
perficial forces (pull-up, van-der-Walls, electrostatics) predominate over the volumetric forces
(gravity, magnetic force, etc.) when the scale is shrunk, thus the friction forces can limit the
performances of conventional joints in small scales. In addition a conventional system with
mechanical joints becomes more complex, with less dynamics, and with presence of backlash,
which affect the robot accuracy.

Finally, challenging research issues in parallel manipulators are related to the forward kine-
matics, singularity, workspace, calibration, optimal design, control and implementation, as de-
picted in Figure 2.25. We will briefly describe them below.
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2.6.1 Kinematics of robots

Robot kinematics deals with the study of the robot motion as constrained by the geometry of the
links. The next topics are dedicated only to parallel robots.

2.6.1.1 The Zeroth-Order Kinematic Models

These models describe the static relations between the configuration variables such as the plat-
form or end-effector pose X and the joint variable value g of the robot, in relation with the
kinematic structure and its geometrical parameters (geo).

i) Implicit Kinematic Model (ImplKM)

This model gives a non-causal relation between the end-effector pose (X), joint variable value
(¢) and the geometric parameters (&g.,) called implicit model. The implicit model is a holonomic
constraint for any relevant state of the variables:

My (X,q,Ege0) =0 .1)

where Mg is the implicit kinematic model of a parallel robot. From this model, generally easy
to express thanks to the so-called loop closure constraint, one can extract two causal relations:
the inverse and the direct kinematic model.
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ii) Inverse Kinematic Model (IKM)

This model describes the joint variables values (q) given the end-effector pose (X) and the
geometric parameters (Ege,) of the robot. Generally the IKM of parallel robots yields a unique
decoupled solution for each leg of the mechanism:

4 =M;) (X.8geo)s  i=1,n>2 (2.2)

where MIOP is the inverse kinematic model of a parallel robot. The super-right script denotes the
order of the kinematic models.

iii) Forward Kinematic Model (FKM)

This model describes the pose of the end-effector (X) given the joint variables values (¢) and
the geometric parameters of the robot (é‘gw).

X =M} (4:6ee0),  i=1,0>2 (2.3)

where M% is the forward kinematic models of a parallel robot. Notice that the FKM of parallel
robots is often highly coupled and might offer several solutions.

2.6.1.2 The First-Order Kinematic Models

The time differentiation of the previous kinematic models gives the differential kinematic mod-
els relating the Cartesian velocity of the end-effector pose to the speed of the actuators.

i) Implicit Differential Kinematic Model (ImpIDKM)
The differentiation of (2.1) yields the implicit differential kinematic model:

IMY(X,q,Ege0) IM(X,q,E¢e0)
q) 11 r>ogeo ¢ "1 ro8€e0
L —

Gg=0 (2.4)

or equivalently,

1 1 S

where X = Lx{, { =[v |7, v and  are the linear and angular velocities of the platform.
This model has two matrices: 1) the differential Cartesian kinematics matrix —Mql> X) also

called D-matrix, ii) and the differential joint kinematic matrix M qu @) also called B-matrix.

ii) Inverse Differential Kinematic Model (IDKM)

This model gives the speed of the joint variables, given the end-effector pose and velocity, and
as well as the geometric parameters of the robot:

M) (XEer)

< Lx ¢ (2.6)

q':
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or equivalently,

q= Mllp(Xaggeo)C (2-7)

where M }p is the inverse differential kinematic model of a parallel robot.

iii) Forward Differential Kinematic Model (FDKM)

This model gives the velocity of the end-effector pose, given the positions and speeds of the
joint variables and as well as the geometric parameters of the robot:

OM}, (£
_ o1 \Theseo)

or equivalently,

§ =My (9.8ge0)q (2.9)

where M 11,-” is the forward differential kinematic model of a parallel robot.

2.6.2 Singularity analysis

In some configurations, the robot cannot be fully controlled (either too rigid or without stiff-
ness). Such configurations are called singular configurations and they limit the performances
of the parallel manipulators. Singularities lead either to a loss of the controllability and/or to
a degradation of the natural stiffness of the manipulators. The singularities analysis in parallel
manipulators has been raising considerable attention [120]. Most parallel robots are adversely
affected by the presence of singular configurations in their workspace which limit their perfor-
mances. Singularity analysis, in the case of parallel robots, is much more difficult than in the
case of serial robots, since such mechanisms contain unactuated joints and usually these joints
have more than one DoF.
Thus, from (2.5) the implicit differential kinematic model can be expressed by:

D¢ = Bg (2.10)

where B is a matrix that represents the direct power developed by the actuators (active joints)
which are considered in the movement of the platform, and D is the matrix which represents all
the actions transmitted by the actuators directly to the platform.

Gosselin and Angeles suggested a classification of singularities for parallel manipulators
into three main groups associated with the singularity of square matrices such as D and B above
[62]. Later, Zlatanov gave a more comprehensive study of the singularities of closed-loop mech-
anisms including configurations where the matrices D and B are not square [194, 195]. Thus,
depending on which of B, D or both is singular, the robot has three types of singularity as
detailed below.
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a) D is singular- Also called parallel singularity or singularity by direct kinematic or Cartesian
singularity [6], this first singularity occurs when the following condition is satisfied:

det(D) =0 and det(B) #0

The physical interpretation of this kind of singularity is that even if all of the input velocities
are zero, there are still be instantaneous motion of the platform. In this configuration, the
platform loses stiffness and becomes uncontrollable. This kind of singularity is located inside
the workspace of the manipulator. Such a singularity is only identified by a thorough analysis
and expansion on the equation det(D) = 0.

b) Bis singular- Also called serial singularity or singularity by inverse kinematic or joint-space
singularity [6], this second singularity occurs when the following condition is satisfied:

det(D) #0 and det(B) =0
Such a singularity corresponds to the limit of the workspace.

¢) B and D are singulars- The third kind of singularity occurs when:
det(D) = det(B) =0

Such a singularity corresponds to the first and second type of singularity occurring simulta-
neously. This singularity is both configuration and architecture dependent.

Parallel singularities are particularly undesirable because they cause the following problems:

i) an increase of the mechanism stiffness and consequently an increase of the forces in the
joints and links that may damage the structure,

ii) a decrease of the mechanism stiffness which leads to uncontrolled motions of the platform
though actuated joints are locked. This singularity is the most dangerous from the point of
view of the power laser steering inside of the laryngeal cavity.

2.6.3 Performance evaluation

Together with the workspace (which is an important design criterion), the transmission quality
index is another important criterion. The transmission quality index couples velocity and force
transmission properties of a parallel robot. It is formally defined as:

_IE]
NRNE

where E is the identity matrix. We have 0<T<1. When T=0 we have a singular pose. The
optimal value is T=1 which at the same time stands for isotropy [8].

T
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2.6.4 Robot vision control

Control of robots using a vision feedback has been described in [47, 36, 70, 29, 73]. Vision is an
efficient way of estimating the end-effector pose and/or joint variables states in robotics. This
point of view is interesting for the control of parallel mechanisms, as shown in several cases by
Andreff [6, 16, 15, 131, 38]. Vision feedback technique is useful when installing sensors inside
the structure can increase the uncertainty of the measure, increase the disturbance influence, or
is even impossible.

Some reasons to use vision in robotics were explained in [148], they are summarized below:

vision sensors are exteroceptive sensors: they provide an information of the interactions
of the robot with its environment,

vision sensors are contactless: they do not impact on the robot dynamics,

vision sensors are versatile. Depending on the processing of the received information,
different information can be issued for a same hardware configuration.

vision sensors are inexpensive sensor, whose performance in terms of resolution and
miniaturization are changing dramatically, for instance miniature VGA cameras (Mizumi)
are available for a few hundreds euros.

In microrobotics, the utilization of vision is fully appropriate since the use of sensors such
as encoders or potentiometer is difficult or impossible.

Vision-based robot control comes under two fundamental configurations, as shown in Fig-
ure 2.26. These two configurations are based on the relative localization of the camera and the
robot end-effector [29].

Field of view

Target Target
Camera + +

End-effector

End-effector Field of view

Robot

Camera

(a) Eye-in-hand configuration. (b) Eye-to-hand configuration.

FIGURE 2.26: Two fundamental configurations based on the relative localization of the camera
and the robot end-effector.
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* Eye-in-hand: where the camera is attached to the moving end-effector and observing the
relative position of the target, as shown in Figure 2.26a.

* Eye-to-hand: where the camera is fixed in the same reference system as the base of the
robot. The camera observes both the target and the motion of the robot end-effector, as
shown in Figure 2.26b.

Robustness of vision-based robot control was investigated in [46, 85, 101, 110]. The authors
proved the effectiveness of visual-based robot control over others methods, they also concluded
that the global stability is achieved even in presence of errors due to the calibration or unaware-
ness of parameters that can affect the robot model.

In the kinematic control of robots there are many strategies. The so-called model-based
control strategies make use of the zero’” order model of the robot. Regarding Cartesian control
of parallel robots, the forward kinematic model (FKM) is used in the feedback loop, as depicted
in Figure 2.27. Therefore, if the model is no accurate enough (formally incorrect, simplified
or simply poorly calibrated) then the estimation of the pose of the end-effector will be biased,
thereby generating positioning errors. Additionally, in the case of PKM, the trouble is even
worse, since the FKM can have several solutions. Usually, the estimation of the pose depends
strongly on the geometry and contrary to conventional robotics, in microrobotics the geometric
tolerances corresponds to a considerable percentage of the whole size. Thereby, those tolerances
can importantly increase the errors in the estimation of the pose from the FKM.

TRANSF.
GEOMETR

FIGURE 2.27: Model-based Cartesian control of parallel robots.

Regarding vision based control, the reference signal is an image which represents the Carte-
sian variables to control, as depicted in Figure 2.28. One can remark, that the control scheme
does not involve any zero’” order model at all. Therefore, mis-modelling or mis-calibration will
only result in velocity errors that will be compensated by the closed-loop. Thereby, the control
accuracy is almost uniquely dependent on the sensor accuracy.

The potential drawback of sensor based control is the definition of the control reference. In
practice, it is usually defined by “teaching”, i.e., recording the desired signal (sx) In the context
of this thesis, this feature is extremely interesting since the surgeon has the ability, through the
surgeon robot interface to directly draw the reference in the image.
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Camera t

FIGURE 2.28: Vision based control of parallel robots.

2.7 Laser systems

2.7.1 Definitions

A laser® is a light emitted (electromagnetic radiation) through a process of optical amplification
based on the stimulated emission of photons [162]. Laser light is remarkable for its high degree
of spatial and temporal coherence 7 [31]. Its spatial coherence is relative to its few diffraction
i.e. a laser beam can be focused in small spots and its temporal coherence is relative to the large
distance that it can travel.

Most so-called “single wavelength” lasers actually produce radiation in several modes hav-
ing slightly different frequencies (wavelengths), often not in a single polarization. There are
lasers that emit a broad spectrum of light, or emit different wavelengths of light simultaneously.
Some non single spatial mode lasers diverge more than the requirement. Most of them are
visible lasers. Consequently the divergence of power lasers (invisible laser like CO2 or like
Tm:YAG or others) is less than visible lasers (He-Ne).

Lasers have a relatively recent contribution in laryngeal surgery. The benefits of lasers in
laryngeal surgery have offered a time- and cost-efficient alternative to others surgical techniques.
For that, lasers are used in the treatment of numerous laryngeal pathologies. However, lasers
can damage the healthy tissue adjacent to the treated zone and can also produce scares on the
vocal folds. These problems can be minimized through understanding the mechanisms by which
lasers function and correctly manipulating the parameters under a surgeon’s control. By varying
the fluency, the power density, the spot position, and the pulsation (by PWM), tissue damage
can be decreased and lasers can be used with more confidence. The various types of lasers and
their applications to the treatment of specific pathologies are reviewed below.

2.7.2 CO2 laser

This laser was incorporated into the medical community with an emphasis on its potential capa-
bility to remove cancerous lesions. CO2 laser is easily absorbed by water and with its 10600 nm

The term “laser” is an acronym for Light Amplification by Stimulated Emission of Radiation.
7Coherence means that they have a constant phase difference.
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wavelength, biological tissue responds well to its excitation [190, 139]. In addition, its continu-
ous wave has a high output power, i.e. by using an appropriate focus system, its beam on a small
area makes it adequate for clean and fast surgeries. Typically, the mirrors for this kind of laser
are coated with silver or gold [178]. Gold coated mirrors have a wide usage in high power CO2
laser systems because of its low absorption coefficient and high resistance to thermal shock. On
the other hand, windows and lenses are made of either Germanium or Zinc Selenide that is a
chemically vapor deposited material commonly used in thermal imaging, forward-looking in-
frared imaging systems, and medical systems. Lens materials are relatively soft materials which
can be easily scratched and they are not recommended for use in harsh environments or in con-
tact with any other surfaces [128]. Therefore, lenses are very delicate for handling, mounting,
and cleaning®. These lenses are available over 17 mm of diameter. Mirrors and lenses for CO2
laser are described in [79, 102, 44].

2.7.3 Thulium YAG laser

Holmium-chromium thulium triple-doped YAG (Ho:Cr:Tm:YAG, or Ho,Cr,Tm:YAG) is an ac-
tive laser medium material with high efficiency. Its wave is about 2097 nm and it is widely used
in military applications, medicine, and meteorology. The wavelength of thulium-based lasers is
very efficient for superficial ablation of tissue, with minimal coagulation depth in air or in water
[182]. This makes thulium lasers attractive for laser-based surgeries. Usually, lenses are made
of sapphire which is a cheap material, easy to manufacture [11, 129].

2.7.4 Femto-second laser

In optics, an ultrashort pulse of light is an electromagnetic pulse whose time duration is in the
order of a femto-second (10~ second) or less. Such pulses have a broadband optical spectrum,
and can be created by mode-locked oscillators. They are commonly referred to as ultrafast
events. Amplification of ultrashort pulses always requires the technique of chirped pulse ampli-
fication in order to avoid damage to the gain of the amplifiers [184, 66, 115, 37, 21].
Femto-second laser is characterized by a high peak intensity that usually leads to nonlinear
interactions in various materials, including air. Interactions between femto-second laser and
other materials are studied in the field of nonlinear optics. In [17], an endoscopic system with a
device that uses a precise femto-second laser to ablate surfaces of vocal folds has been proposed.

2.7.5 Safety and classes of lasers

Lasers have been classified according to their potential danger. There are four classes [78].

e Class 1: these lasers do not pose risk because they are completely inserted in a housing
(e.g. CD player).

* Class 2: these lasers emit wavelengths in the visible zone of the spectrum with low power
density and do not represent risk (e.g. Helium-Neon laser pointers).

8To manipulate these lenses the operator must apply uniform pressure when handling and he/she should wear
latex finger cots or gloves to prevent contamination. Futhermore, tweezers or other tools should not be used.
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* Class 3a: these lasers represent a danger for the eye when the reflected lasers are in a
focused laser spot.

* Class 3b: they represent a high danger even regardless the lens system used.
* Class 4: they are very hazardous to the eye, from the direct or reflected laser beams.

Medical lasers are classified in classes 3b and 4.

2.8 Synthesis and our proposition

Several topics have been involved to the development of a microrobot intended to laser pho-
nomicrosurgery. They have included medical robotics, microdevices, microfabrication tech-
niques, actuators compatibles with microfabrication, parallel structures, compliant mechanisms
and laser technologies.

A synthesis of the current state-of-the-art of the existing microdevices discussed in the pre-
vious sections is presented below:

» currents microplatforms are planar devices which are limited to 2D and/or 2! /,D,
* the ranges of the developed angles are not enough to satisfy the uRALP specifications,

* in cases where the angles are large enough, there exists others issues such as: either high
working temperatures or low bandwidth or non-biocompatibility.

The analysis of the state-of-the-art yields that the existing developments do not satisfy the
whole specifications imposed in the tRALP project. Thereby, a new microplatform which
should be able to rotate with high range of angles, to have a high working bandwidth, to be pack-
ageable, and to be biocompatible needs to be developed following the specification of uRALP
project.

The survey of microdevices shows that most of the microplatforms are built in two dimen-
sions and works in two !/, dimensions. Those microplatforms are forced to bend out of the
plane to accomplish their tasks, forcing the materials to their limits of fatigue, of rupture and
decreasing their lifetime. Our proposition regarding this point is to use the SCM fabrication
technique which gives a way to build structures capable to perform large angles according with
the specification. SCM proposes to combine: thin carbon fiber sheets with very thin polyimide
sheets, in a flat structure which is afterwards folded to yield a 3D structure. Currently SCM has
been used to build mobile robots (MAVs and walking robots). Our proposition is to use this
fabrication technique to build parallel kinematic machines with millimeter scale.

Moreover, the severe performances demanded in the specifications, such as a minimal band-
width of 200 Hz and a high scanning resolution better than 100 um, make us design a novel
structure and architecture of actuation. The chosen actuator must be capable to ensure such per-
formances. Based on Table 2.2, piezoelectric materials are the most appropriate to construct part
of the actuators for the proposed microplatform. We propose to employ cantilever structures for
these actuators (piezoelectric cantilevers) because of the high displacements and high dynamics
generated by them. Bimorph piezoelectric cantilevers have been particularly chosen as they can
yield relatively high force density, with, in the same time, a simple electrical wiring.
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Chapter

Kinematic Analysis

This chapter deals with the description and analysis of the two parallel kinematic
mechanisms that are proposed and which are called PiBot and Micro Agile-eye.
The first section describes first our motivation to choose their structures. The next
two sections are devoted to the kinematic modeling of each of the two Parallel
Kinematic Machines (PKMs). The kinematic model and analysis of both structures
are carried out by using Screw Theory which permits to perform the velocity and
the singularity analysis. Finally, the last section is devoted to the optical-kinematics
modeling.
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3.1 Introduction

Large rotations, high resolution and high bandwidth are a challenge in manufacturing mi-
cromechanisms working in static mode (see Section 2.3). To reach these objective, the choice
of piezoelectric actuators has been a key. The other choice to take is: what kind of mechanical
structure has to be chosen? For that reason, two ways have been considered and consequently
two mechanical structures have been proposed. This choice is explained in Section 3.2. After
the choice of the mechanical structures, we will focus on their kinematic analysis in Sections 3.4
and 3.5 respectively. After that, the kinematic model of the laser beam between the surface of the
mirror (onto the platform of the microrobot) and the projected spot (onto a screen) is described
in Section 3.6. Finally, a conclusion is drawn.

3.2 Proposals for microrobot structure

This section discusses the choice of the two parallel kinematic machines that have been selected
for the project. The kinematics of these two structures are analyzed in the next sections. Then,
their fabrication will be presented in the next chapter.

The selection of the actuators is very important before deciding the mechanical structure of
the microrobot. Thus, first the material and the morphology of the actuators is described below.
Then the two mechanical structures proposed are described.

A) Actuator:

Piezoelectric cantilever were chosen as actuators. The choice was based on the nanometric
resolution and the high efficiency that piezoelectric materials can provide. We discard others
arrays such as Inch-Worm, Impact-Drive or Stick-Slip, to preserve the high dynamics (band-
width) that piezoelectric materials can furnish. Cantilever morphology was chosen based on
the displacement better than of piezostacks. Among piezoelectric materials, we use the Lead
Zirconate Titanate (PZT) which is a ceramic piezoelectric material. PZT usually has a low
cost and is widely available compared to other piezoelectric materials. Also PZT exhibits large
piezoelectric coefficients and large stiffness which make PZT cantilevers well adapted for actu-
ation. Moreover they have been extensively studied and used in many successful applications.
In Appendix A, we give a description of piezoelectric cantilevers actuators.

B) The mechanical structure:

i) The first choice consists in amplifying the displacement generated by the piezoelectric can-
tilever actuator using a lever effect combined with a serial disposition to generate the large
displacement. Then, a standard kinematic structure such as the“Agile-Eye SR-2DoF” [63]
is used to transform the displacements of the actuators into two rotations. The complete
proposition is evidenced in Figure 3.1a. This microrobot, named “Micro-Agile-Eye”, is
described in Section 3.4.

ii) The second choice consists in directly amplifying the displacement by conveniently de-
signing the structure and its size. A 2-DoF structure “2RUS” with simple piezoelectric
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cantilevers as actuators is proposed. The complete proposition is evidenced in Figure 3.1b.
This microrobot, named “Pibot”, is described in section 3.5.

Mirror

Mirror

Orientable

platform Microrobot

}Microrobot

I
Optical
_fiber - N

e

S — RS ———x('ﬁ(d]ﬁ stable
*_ Adjustable laryngoscope
laryngoscope

(b) The PiBot microrobot
(a) The Micro Agile-Eye microrobot

FIGURE 3.1: Proposed microrobots placed at the head of the adjustable laryngoscope driving
a laser beam. (a) Micro Agile-Eye: a microrobot using amplification system made of three
cantilevers per leg and a standard kinematic structure. (b) PiBot: a microrobot using a unique
piezoelectric cantilever per leg and amplification made by appropriate connection onto the plat-
form.

3.3 Theoretical background

Before starting with the kinematic analysis which will be useful for the controller design in
Chapter 5, we first briefly give some preliminaires on screw theory used in the analysis of
parallel kinematics.

3.3.1 Screw Theory

Screw theory is basically a geometric method used to combine linear and rotational motion in
only one mathematical expression. Screw theory is based on the principles of motion. It is
simpler when it is compared with other methods such as algebraic or numerical methods. One
limitation of the screw theory method is that it is only based on instantaneous kinematics. The
time variable is not explicited in screw theory, which can bring advantages or disadvantages
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according to what kind of analysis we need to perform. The preliminaires presented here are
based on [76, 180, 24, 96].

A) Screws

A normalized or unit screw as shown in Figure 3.2 is defined by a pair of vectors:

S
- [ s Xr-+hs } @.D

SN

f

where s is a unit vector indicating the direction of the screw axis, r is any vector between the
screw axis and the origin of the reference frame, and 4 is the pitch (relation rotation/translation)
of the screw.

The two particular cases are when the pitch is zero (pure rotation) and when the pitch is
infinite (pure translation):

s } ifh=0
$— [zxr (3.2)
Ha

FIGURE 3.2: A Screw.

B) Reciprocal screws

Let $; and $, be two unit screws. The reciprocal product (operator o) between $; and $; is
defined as:
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$ ° $ o S1 ° S2
U2 s X sy $2 X 2+ /s (3.3)
= (S]) . (52 XTI —|—h252) + (Sz) . (81 X T +h151)
Two screws, $; and $,, are said to be reciprocal whether their reciprocal product is equal to
zero. Thus, if $; 08, = 0 then $; is reciprocal to $, and vice versa.

Usually many references utilize the reciprocity condition in (3.4) which is derived from
Figure 3.3:

FIGURE 3.3: Reciprocal product of two screws.

no constraint , if hy and hy are oo
$, is reciprical to $, — cos(y) =0 , if hyorhyarec (3.4)
(h1+h2)cos(y) —riasin(y) =0, if hy and hy are finite

where 7| is the offset distance along the common perpendicular leading from the screw axis of
$, to $,. The angle 7y is the angle between the axes of $; and $,, measured from $; to $,, about
the common perpendicular according to the right-hand screw rule.

From (3.4), it is concluded that:

1) two screws each one with i = o are always reciprocal each other;

ii) a screw with h = oo is reciprocal to a screw with 7 = 0 if and only if their axes are perpen-
dicular each other;

iii) two screws with 41 = 0 are reciprocal each other if and only if they are in the same plane.

C) Screw systems and reciprocal screw systems

A screw system of order n (0 < n < 6) comprises all screws which are linearly dependent
on n given linearly independent screws. Reciprocal screws systems can be defined by a given
n-system. There is a unique reciprocal screw system of order (6 —n) which comprises all screws
reciprocal to the original screw system.
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D) Twist and wrench of kinematics chains

A twist is a screw that represents an instantaneous motion of a rigid body. Its three first
components define the angular velocity and its three last components define the linear velocity
relative to the reference frame.

A wrench is a screw that represents a system of forces and couples acting on a rigid body.
Its three first components define the resultant force and its three last components define the
resultant moment about the origin of the reference frame.

The reciprocal product between a twist and a wrench corresponds to the virtual work of the
wrench over the twist. If this reciprocal product is zero (the twist is reciprocal to the wrench and
vise versa), then the wrench does not realize any virtual work over the twist.

E) Screws in kinematic analysis
We give here some screws in basic kinematic structures.
a) Revolute joint

For a revolute joint (see Figure 3.4a), the unit screw associated is a screw (twist) with zero pitch
lying along the joint axis. The associated reciprocal screw to the revolute joint is a 5-system
(wrenchs), in particular, those zero pitch reciprocal screws which lie on all planes containing
the axis of the revolute joint, and those infinity pitch screws whose axes are perpendicular to the
joint axis of the revolute joint.

b) Prismatic joint

For a prismatic joint (see Figure 3.4b), the unit screw associated with a prismatic joint is a screw
of infinite pitch pointing along the joint axis. The associated reciprocal screw to the prismatic
joint is a 5-system (wrenchs), in particular those zero pitch screws whose axes are perpendicular
to the joint axis of the prismatic joint and also those with all infinity pitch screws.
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$3(pitch->inf)
$3(pitch=0)

R
$2 inf

$2%
A SR $1"ins >
$1 0 2 inf

R
R $1 0
$1 inf

pd

$3RO $3Rinf
(a) (b)

FIGURE 3.4: (a) Revolute joint and its twist and wrenches. (b) Prismatic joint and its twist and
wrenches.

¢) Universal and spherical joints

An universal joint and a spherical joint can be modeled with the combination of two and three
revolute joints respectively.

d) Serial kinematic manipulator

The output twist (&;) of the end-effector in a serial kinematic manipulator is the resultant of the
contribution of each twist given by each individual joint, as represented in Equation (3.5).

f=6
&= 4p (3.5)
j=1

where p; is the twist of the j-th joint and ¢; is its instantaneous velocity, and where f represents
the number of DoF of the serial kinematic chain (for instance f = 6) as shown in Figure 3.5a.

e) Parallel kinematic manipulator

The output twist (§,,) of the moving platform in a parallel kinematic manipulator is the result of
the intersection of all resultant twists of all legs of the parallel kinematic manipulator.

¢ =xI74p!
&=&6n&ENng with ¢ £=y7¢p (3.6)
&=x2d0
where £!, €2 and &} are the output twist of each leg respectively, as shown in Figure 3.5b.

Individually each leg is a serial kinematic manipulator.
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(b)

FIGURE 3.5: (a) A Serial Kinematic Chain. (b) A Parallel Kinematic Chain.

3.4 Modeling the Micro Agile-Eye

In this section a kinematic analysis is performed to our first proposed structure called “Micro
Agile-Eye” as shown in Figure 3.1a. The Micro Agile-Eye is divided into two parts to facilitate
its analysis. The first part is devoted to analyze the actuation system which is formed by three
piezoelectric cantilevers in each leg. Thus, these three actuators are positioned such that the
amplification is performed by using the leverage effect, such as is explained in Section 3.4.1.
Then the upper part of the microrobot is the well known 2 DoF Agile Eye structure developed in
[63]. This upper part is dedicated to transform the movement generated by the actuation system
into two rotations of the platform (end-effector), as explained in Section 3.4.2.

3.4.1 Amplifier based on lever-principle

Consider Figure 3.6. The three piezoelectric cantilever actuators in each leg (D{Dé, DéDé and

DéA j with j =1 or 2 denoting the leg) are independently driven and are disposed in series, as
shown in Figure 3.7.
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FIGURE 3.6: Kinematic representation of the piezoelectric cantilever actuators and amplification
mechanisms by lever effect of the two active legs in the PKM.

To amplify the displacement generated by the lower piezoelectric actuator, a lever effect is
introduced using the middle piezoelectric actuator with pivot point at D}. The same principle is
applied to the middle and to the upper piezoelectric actuator with pivot point at Dé. Therefore
the final displacement 9; at the point A ; furnished by the leg is expressed as:

8/ =18 —Cr87 + 6! for: j=12 (3.7)
D304 jATD5] :
where C; = == and C;, = —= are constants, and where the displacements generated by
4] i}

the actuators D{ Dé, DéDé, and DéAj have been denoted 5{ , 62j ,and 63j respectively,

oi L

Al Pivot point

Pivot point
D! D} Ds

z Recessed part
pi 2
Tk b,

FIGURE 3.7: The system without actuation is shown in black while in red the system is shown
after actuation.
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To find the instantaneous kinematics of the amplification system, we differentiate equation
(3.7) as shown below:

e
5
GG ¢ 10 0 o]|8!
0 0 0 GG ¢ 1]](8
8
5.

(3.8)

-

where 5l.j is the elementary displacement of the i-piezoelectric cantilevers in the j-leg and with

i . .
o/ denoting its velocity.

3.4.2 Agile Eye: Spherical 2-DoF SR PKM

This standard mechanism which was proposed by C. Gosselin [63] gives as result a platform
with only two rotations. We proposed to use it as the upper part of the microrobot. Let us study
its kinematics.

The forward kinematics of this structure was investigated in [187]. Recently, a formula has
been proposed by X. Kong [97] which produces a unique solution of the forward kinematics for
a given set of inputs. An adaptation to our case is shown below.
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FIGURE 3.8: Kinematic representation of the Agile Eye 2-DoF [63].

From [97] the results of the forward kinematic model (FKM) of the 2 DoF Agile Eye is:

tan o
6, = arctan ( — 3.9
| = arc an( cosocl) (3.9)
—sino (07
Gz—arctan< s1n' 1605 > (3.10)
V/1— (sina cos 0p)?

where 0; and 6, are the angles developed by the platform about its x and y-axes respectively and
ap oy are the input angles imposed joints 1 and 2 respectively.
Again, from [97] the inverse kinematic model (IKM) is:

tan 6,
= arct - 3.11
o = arctan ( cos 91) (3.11)
O = arctan ( — sm. 01 cos 0, > 3.12)
\/1—(sin ) cos 6,)?

Then the instantaneous kinematic can be performed using the screw theory. In a first time,
the equation of twists is computed as below:

£=qipi+ @0 (3.13a)
£ =4qipi+ i+ 305 (3.13b)
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Since legs -1 and -2 have 2 and 3 DoF respectively, they impose constraints on the platform.
Therefore the possible twists, &, at every configuration are given by (3.13a). When such a well-
defined continuously-changing basis exists for the twist system of the platform, the velocity
kinematics can be expressed with as few equations as the parallel mechanism’s DoF [196].

For each active leg, there is pure force, @/, j = 1,2, reciprocal to all second or second and
third passive-joint screws in leg 1 and leg 2 respectively.

Taking the reciprocal product of ¢! with (3.13a) and of ¢ with (3.13b), we obtain:

1 1,1 -1
I3 — ¥ Py 0 :| |:QI :| (3.14)
[ ©*-& ] [ 0 ot |l d '
we can abbreviated as:
Bq = D6 (3.15)
To calculate the output twist of (3.14), we can use:
0 1 0
1 0 cos(oy)
1_ 1_ 1_ 1
p = 0 » PL= 0 y Py = sin(on) (3.16)
0 0 0
and
0 sin(op) —cos(6,)
-1 0 —sin(0))sin(6,)
2 _ 2 _ 2 1 p)
P 0 2= —cos(ap) P3= cos(0;)sin(6,) (.17)
0 0 0

According with Figure 3.8, in leg 1, the two R-joints will never be collinear and for that
matrix B will not be singular by the leg 1. In leg 2, the three R-joints will set the matrix B in
singular whether they are coplanar. That happens when the joint 4 has 180 or O°. The analysis
when matrix D become singular can be done locking the actuated joints, thus the robot become
a structure with three joints (joints 2,4 and 5). The matrix D become singular when the twists
of those three joints are linearly dependent, i.e., when joint 5 has 0°. Both singularities require
larges displacements and since the PKM workspace is limited to the angles required to scan the
vocal folds (£12.5°), both B and D are expected nonsingular in such reduced workspace.

3.4.3 Docking mechanism

An analysis of the position of the actuator system and the upper part has carried out that the
mechanical system which will not block the structure is in one case two simple revolutes joints
and for the other leg a double universal-joint is provided.
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3.4.4 Complete Micro Agile Eye

The Micro Agile Eye microrobot which is the combination of the actuation system and the
platform using the docking mechanism is depicted in Figure 3.9

)
Agile Eye
2-DoF 5R
PKM
)

} Actuation
system

FIGURE 3.9: Micro Agile Eye complete.

3.5 Modeling the PiBot

In this section a kinematic analysis of the second proposed structure called “PiBot” is performed.
The proposed PKM structure is depicted in Figure 3.10. Despite its simplicity, we have not yet
found any publication mentioning this kinematic structure. The orientable platform is used to
orient a mirror. As already explained, the PiBot is actuated by one piezoelectric cantilevers
in two active legs. The platform is connected to the base (attached to the laryngoscope) by a
passive U-joint at P (leg 3), which constrains it to only tilt and pan. We define the base reference
frame Pxyz with coordinate unit vectors i, j, k, and a rotating frame, fixed to the platform, with
origin at P and coordinate unit vectors u, v, w, as shown in Figure 3.10.

The 2-DoF platform motion is actuated with two identical 6-DoF RUS legs: leg 1 and leg
2. Piezoelectric actuation is used as the first R-joint of each actuated leg, i.e., the piezoelectric
cantilever is assumed to be a rigid rod rotating about a fixed axis. The two active joints have
a common axis, A,A;, with unit vector k| = \@/ 2i— \@/ 2j. Point A; is the projection of the
U-joint center B; on this axis.

In each active leg, the axis of joint 2, the first joint of the passive U-joint centered at B;,
i =1,2, is parallel to AjA,, while the center C; of the spherical joint is along the common
perpendicular of the U-joint axes.
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} Orientable
platform

Actuation
system

FIGURE 3.10: Platform operated in parallel by two active legs and constrained by an unactuated
U-joint leg.

At the reference configuration, when the angles of the U-joint at P are 8; = 6, = 0, we have
¢ = P—d parallel to u =i and ¢; = PC, parallel to v = j. Moreover, at the zero configuration,
the distal links, B;C;, are parallel to the z axis, while the proximal links, A;B;, are perpendicular
to it and at equal angles with the x and y axes.

The dimensions of the PKM are given by |A;B;| = 20! (corresponding to the piezoelectric
cantilever actuator), |B;C;| = 21 and |PC;| = I, where [ = 0.5mm. The distance between Pz and
the common actuated-joint axis, AjAz, is (20 — g)l while points A; and A, are at V21 from
each other. Therefore,

PA, = —(10v/2 — 1)ii— 10V/21j — 21k o)
PAs = —10v/2i — (10v/2 — 1)lj — 21k '

3.5.1 Inverse kinematics

Given a feasible platform orientation defined by the values of the passive-leg U-joint angles
(61,6,). The mechanism configuration can be calculated by finding the intersection of a sphere
centered at the point C;, i = 1,2, with radius |B;C;| and the circle of center A; with radius |A;B;],
in a plane normal to line AjA;. In general, there are four solutions of the inverse kinematics.
Points C; are obtained as:
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—
PC) =lua=crli+s1510j—cis2lk (3.19)
PCy = Iv = c1lj + 511k (3.20)

where ¢; = cos 0 and s; = sin 0;. Indeed, the platform orientation is given by

o) 0 §2
R(@],@z) :Rx(el)Ry(ez) = 5152 C1 —S5152 (3.21)
—C182 1 Cc1C2

On the other hand, we have B;C; = A;C; — A B}, and thus:

— — —_—
|B,Cj|* = 41> = |A;C;|* +4001* — 2A,C;; - A;B] (3.22)
where A;B; = 101(v/2¢]i+V/2¢]j + 2s]k), in which ¢/ = cosq/ and s/ = sing/. Using (3.18)-
(3.20) and (3.22) it is now possible to obtain a linear equation in term of c{ , s{:
FjC{—l-GjS{ :HJ‘ (3.23)

where F;, G}, and H; depend only on 6y, 6,, resulting in two solutions for q%.
For instance, when choosing 6; = 15° and 6, = —15°, the solutions for (q% , q%) are:

(0.720102952001288°,0.742258398498497°)
(0.720102952001288°,12.160623836841685°)

(12.16311819616120381°,0.742258398498497°)
(12.16311819616120381°,12.160623836841685°)

where only the first solution is feasible by the piezoelectric cantilevers proving that this extreme
required position the is achievable with the proposed actuators.

(3.24)

3.5.2 Instantaneous kinematics

The velocity analysis is now performed using screw theory.

On a PKM the instantaneous twist, &, of the platform with respect to the ground can be
expressed as a linear combination of the joint screws of leg j [121]. Denoting by ¢! and p; the
amplitude and the unit zero-pitch twist associated with the i’" joint of the j'” leg, we have:

& = q1pl +d1ps + 43P+ Gypi+ dsps + dépe (3.25a)
£ =4ip1+5p3 + 4505 + 4ips +d3ps + depe (3.25b)
£=061p+ 6,03 (3.25¢)

Since legs 1 and 2 have 6 DoF they does not impose any constraint on the platform. There-
fore the possible twists & at every configuration are given by (3.25c) as any linear combina-
tion of the passive leg’s two revolute-joint unit twists p? and p%. When such a well-defined
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continuously-changing basis exists for the twist system of the platform, the velocity kinematics
can be expressed with as few equations as the parallel mechanism’s DoF [196]. For this, one
can first substitute (3.25¢) into (3.25a) and (3.25b), and then eliminate the passive joint veloc-
ities using reciprocal screws obtaining a system of two equations relating the platform angular
speeds 0 and 6, with the input velocities q'% and q'%.

For each active leg, there is a unit pure force ¢/, j = 1,2, reciprocal to all five passive-joint
screws. Its axis passes through the centers of the leg’s U- and S-joints.

Remark: In a leg-singular configuration, where the center of the spherical joint is in the
plane of the U-joint, there will be a whole pencil of concurrent planar forces with this property,
and two, rather than one, reciprocal screws for that leg must be used to obtain the input-output
velocity equations. We will assume that such leg postures do not occur during the operation of
the mechanism.

Taking the reciprocal product of cpl with (3.25a) and of cp2 with (3.25b), we obtain:

1 3 1 3 A 1 1 -1
¢ -p) ¢'p3 Ql]_[cp-pl 0 qu] 396
[soz-p? 0 H92 0 ¢ |t (320

In (3.26), the term ? - pg is zero because the joint-2 axis of the passive leg always passes
through point C,. To calculate the other entries, we can use:

. b’
v : ; ; ki .
p%:[ } pg:[o}’ o= ] p{:[PAlxm}’ /=2 82D

Since PA; = ¢/ —b’ —a’ we have:

O -

b/ b’

¢ pl = W'(Cj—bj—aj) <ki + ki-(¢/x W)
b . (3.28)
:m'[kixa]] ]:1,2
and so (3.26) can be written as:
%-klxa1 0 4qi B c‘xﬁ-i c‘x‘g—i‘-v 61 (3.29)
0 %-klxa2 at| czx%-i 0 6 :

which can be abbreviated as:
Bq= D@ (3.30)

where B is a diagonal matrix.

The Jacobian of the robot is given by:

Jpisr = D™'B (3.31)

70



3.6. OPTICAL MODEL 71

3.5.2.1 Singularity Analysis

Matrices D and B can become singular depending of the microrobot position. This occurs when
leg 1 or leg 2 is in a singular posture with the center of the S-joint lying in the plane of the
U-joint. In this case a redundant passive mobility singularity is present. However, if we assume
that such leg postures are outside of the range of operation of the mechanism, the singularities of
the mechanism are the configurations where either B or D is singular, leading to a degeneration
of the inverse or the direct instantaneous kinematics, respectively.

In (3.26) or (3.29), matrix B is singular when one or both elements of its diagonal becomes
zero, signifying that the actuated joint axis intersects one of the reciprocal force axes. In this
case, if D is nonsingular, we have a singularity where the end-effector loses freedoms and the
input velocities can be nonzero with a stationary platform. This cannot happen in a neighbor-
hood of the reference configuration where q{ = 0. In this configuration, matrix B is equal to
diag(|al|, |a}|) far from having a zero determinant.

To find a singularity of the matrix D, the axis of either ¢! or ¢? must lie in the plane
of the passive-leg U-joint. In this case, the platform cannot be controlled. It can move even
with actuators locked and the actuators velocities are not independent and cannot be chosen
arbitrarily. Here again, with a good choice of the geometric parameters, the microrobot is safe
in a neighborhood of the position where q{ = 0, with:

0 —le!|
D=2 o (3.32)

Since the PKM workspace is limited to the angles required to scan the entire vocal fold
(£12.5°), both B and D are expected nonsingular in such reduced workspace.

3.6 Optical model

In this section the kinematics of the laser beam which is reflected by a planar mirror located on
the microrobot platform is described. In the ideal configuration, the laser beam will be brought
by an optical fiber from the exterior until the laryngoscope distal-end. In there, a micromirror
is placed in order to focus the laser beam and at the same time to reflect it onto the microrobot
platform. On the platform, a planar mirror reflects that laser beam onto the vocal folds. The
orientation of the planar mirror is driven by the microrobot. Thus the microrobot steers the
direction of the laser beam onto the vocal folds.

3.6.1 Basic background on reflective optics

A kinematic scheme is shown in Figure 3.11, which depicts a laser beam that comes from a
fixed source and that is then reflected by a planar mirror onto a plane &7’ (representing the vocal
folds). The planar mirror undergo two rotations 6; and 6,. Thereby, the laser spot onto the
plane &’ performs a behavior depending on these two rotations 6; and 6, of the platform. This
behavior is described below.
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Laser
source

00" = L
0P| = A

FIGURE 3.11: Laser beam trajectory reflected by a planar mirror.

The unit normal (77) of the mirror which depends on the angles developed by the mirror (6,
and 6,) is given by:

i =Ry(01)R,(6:)[0, 0, 1]"
sin 6,
A= |—sinB;cos O, (3.33a)
cos 6; cos 6,
where R, and R, are rotation matrices about x and y-axes respectively.
We propose to address the reflection of the laser beam by the planar mirror using Snell law
[60]. Considering Figure 3.12 where Snell law states that the reflected laser beam (V) lies in the

same plane as the incident laser beam (;) and the unit normal of the mirror (). Snell law can
be presented analytically as:

¥, =¥ — 2a(A.7)) (3.34)

where V; and v, are the unit vectors of the incident and reflected laser beam respectively.
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-,
Uy
10) mirror

FIGURE 3.12: Snell law.

Moreover, the angle o, between v; and 7 is the same as that between V, and 7i. The physical
interpretation is relative to the conservation of momentum' of the photons that are bouncing off
the mirror surface [94].

Considering (3.34) from which we write in the form:

¥, =v; —2a(ATV) (3.35)
¥, = v — 2aAT v, (3.36)
from which we yield to the form:
v, = (I — 247 ), (3.37)
denoting:
ref(A) = (I —2aAT) (3.38)

where ref(71) is called mirror reflection transform.

The mirror reflection transform, also called Householder reflection matrix [74] constitutes
the basis of the optical kinematics analysis. The operator ref(7) is a 3x3 matrix that governs
the reflection phenomenon. Notice that ref(7) (3.38) is based on the values coming from 7, i.e.,
in function of 6; and 6,.

Thereby, the unit vector of the reflected laser beam can be computed using:

¥, = ref(A)¥: (3.39)

where V; is the incident laser beam unit vector which has a known and invariable value. More-
over, the component values of V; depend on the localization of the laser source in the distal-tip
of the laryngoscope.
Figure 3.13 shows that the subtraction between v, and V; gives a vector in the line direction
of 71. Thus:
p= Y (3.40)

||V — Vi

IConsidering a laser beam reflected by a mirror, its normal component of motion is reversed, while its parallel
component remains unchanged.
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1] mirror

FIGURE 3.13: Optical triangle.

3.6.2 Kinematics
3.6.2.1 Forward kinematic model (FKM)

Forward kinematics of the optical system provides the position (P = [Px,Py,PZ]T) of the spot

laser onto the vocal folds (plane £?’) given the rotation angles of the mirror (6; and 6,), that is

P= fp(Ol ,0,), where fp 1s a nonlinear (3x 1) function depending on 6; and 6,. Considering a

reference frame O — XY Z with origin in the center of mirror. Then, from Figure 3.11, we have:
Py

P=|P| =AV, (3.41)

where Py, P, P, are values of the components of the point P.

Px A‘_’:}’)c
P = [AV, (3.42)
P, AV,

where V., V, V,, are values of the components of the vector V,.
From the third component of P in (3.42) and from Figure 3.11:

P.=AV,=L

A=LJ¥, (3.43)

Since the working distance L is fixed and from (3.43) and the first and second component of
P in (3.42), the analyses can be reduced to:

Py
Py
where the components of v, are computed using (3.39) (V. = ref(#)V;), i.e., P, and P, are function
of the variables 6}, 6, and the components of the ¥; which is constant.

=, (3.44)

Viz

74



3.6. OPTICAL MODEL 75

3.6.2.2 Inverse kinematic model (IKM)

The inverse kinematics of the optical system provides the angles of the mirror (6, and 6,) given
a position of the laser spot onto the vocal folds (P and P,). It can be used to find the necessary
posture of the platform to attain a given position of the laser spot.

From (3.33a) and (3.40) the values of 0, and 6, can be computed as a function that depends
of P, and P,. These values were calculated using the nonlinear solver function of Matlab and
discarding the solutions which were not compatible with the real setup.

3.6.3 Instantaneous Kinematics
3.6.3.1 Forward differential kinematic model (FDKM)

The forward instantaneous kinematics of the optical system provides the relationship between
differential positions (dP; and dP,) onto the vocal fold’s frame and the associated differential
rotation in the mirror (d6; and d8,). This relationship, that we will call “Optical Jacobian”, is
expressed in Cartesian coordinates on the frame associated to the mirror (oxyz). We have:

dP, OP.d6, 9P, d6

P T — 3.45
dt 00 dt * 00, dt (3.45a)
dP, dP,d6, P, d6,
T 3 So. . 3.45b
dr 06, dt | 96, di (3.45b)
which provides:
ar, Ib. 9P | 1db
di 26, 36, | | ar
[df?v] = |or, or [dé] (3.46)
dr 90, 76, dr
M~ ————
P = Jpu 6 (3.47)

where J,; 1s the Optical Jacobian.

3.6.3.2 Inverse differential kinematic model (IDKM)

The inverse instantaneous kinematics of the optical system provides the relationship between
the differential rotation of the mirror (d6; and d6,) and the associated differential position of
the laser spot onto the vocal folds (dx and dy). This relationship is based on the inverse of the
Optical Jacobian. It is expressed in Cartesian coordinates on the frame associated to the mirror
(oxyz) as follows:

6=1J,,P (3.48)

opt
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3.7 Conclusion

This chapter has introduced the kinematic structures of the two proposed microrobots based on
two different approaches. Then, theoretical aspects of kinematic analysis including the screw
theory were presented. Kinematic analysis of the two proposed structures were performed which
permitted to obtain the kinematic Jacobian matrices that will be useful in Chapter 5, devoted to
the control of the microrobots. Finally a kinematic optical model of the part between the mirror
and the laser spot behavior has been developed. Again, this will be used in Chapter 5. The
contributions of this chapter have dealt: first, with the proposition of two concepts to obtain
microrobots with large amplitudes and high bandwidth, and second with the introduction of a
new parallel kinematic mechanism named PiBot.
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Chapter

Fabrication

This chapter is devoted to the fabrication of the two novel microrobots (The Micro
Agile-Eye and the PiBot) whose kinematics were previously presented. The Smart
composite microstructures (SCM) fabrication technique is presented and used to
build the two proposed microrobots. Then an analysis of the errors of positioning
of one of the robots and caused by the fabrication is presented. For that we use
Interval Analysis.
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4.1 Introduction

The two microrobots (Micro Agile-Eye and PiBot) to be fabricated present 3D structures. How-
ever, the fabrication of 3D microstructures is a very challenging step in the literature due to the
difficulty to create complex shape and to assemble small components at the mesoscale. This
scale can be defined by the fact that mesoscale mechanisms have a volume in order of a cm®.
Below is the microscale and the world of MEMS, based on Si-based processes; above is the
macroscale and the world of conventional fabrication. One of the very rare efficient meth-
ods to produce 3D microstructures is the SCM (Smart Composite Microstructures) technology
[185, 186, 127, 192]. We will use this for the development of our microrobots. This technology
yields however imperfect joints, like the other methods. We therefore propose to evaluate the

imprecision of the realized microrobot by using interval analysis.

4.2 Proposed fabrication process

4.2.1 Materials

First, we present the materials used for the SCM technology to fabricate the microrobots. They
are:

i) carbon fiber (CF): sheet of carbon fiber with 130 um of thickness. The carbon fiber permits
to rigidify the structure of the microrobots at a very light weight cost.

ii) polyimide film: a film of 7~10 um of thickness made of polyimide which is used as flexure
material to fabricate all compliant parts of the flexure hinges. This material was chosen for
its anti-crystallization! properties with respect to high temperature changes at the moment
of the fabrication (from 120°C to room temperature). Note that this high temperature range
is very interesting both for the intracorporeal use of the structure but also for its compliance
with sterilisation processes.

iii) piezoelectric cantilevers actuators: actuators made of piezoelectric material (Lead Zir-
conate Titanate - PZT, see Appendix A) with a cantilever shape. They are mixed with
carbon fiber and polyimide into the SCM fabrication process.

4.2.2 Process of fabrication

The fabrication of the complex structure starts with the fabrication of single flexible joints that
are fundamental for the microrobot such as depicted in Figure 4.1.

I Crystallization makes the compliant part of the hinge very brittle and decreases the structure lifetime.
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Carbon Fiber

Polyimide

~ I

r’:'g;d flexible ~
ink hinge rigid
link

FIGURE 4.1: Parts of a flexure hinge which results from the SCM fabrication technique.

Thereby, the fabrication is based on: one polyimide layer that serves as a flexible element
and two layers of carbon fiber to rigidify the structure. The thickness of each carbon fiber layer
and polyimide layer is 130 um and 10 pm, respectively. The stages of this process are depicted
in Figure 4.2 and defined as:

3) Polyimide film glued over the
carbon fiber

Glue of complementary
carbon fiber

FIGURE 4.2: Process of fabrication of single flexible joints.

(4)

1. Step 1: A unidirectional carbon fiber sheet with 130 pum of thickness is cured using a
thermosetting resin in an oven and then fixed on a support (see Figure 4.2-(1)),

2. Step 2: The cured carbon fiber sheet is micromachined by a femtosecond laser in order to
have the patterns as depicted in Figure 4.2-(2). Patterns details are approximately of ~10
um. Two similar patterns are fabricated,

3. Step 3: A layer of polyimide with 10 um of thickness is glued on one of the patterns of
the carbon fiber, as depicted in Figure 4.2-(3),
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4. Step 4: The other carbon fiber pattern is glued and adjusted on the top of the first pattern
with polyimide, as depicted in Figure 4.2-(4), then the whole is put into an oven for
solidification. A pressure is applied to keep the new sandwich structure flat and to avoid
ripples.

5. Step 5: Finally, the sandwich (CF-Polyimide-CF) is again machined with laser in order
to release the final structure.

The realized structure is therefore composed of two rigid bodies made of carbon fiber linked
by a flexible hinge made of polyimide: rigid - flexible - rigid, as shown in Figure 4.1. Basically
the flexible part is used to fold the structure and the rigid part serves as a link.

4.2.3 Parallel robots and the SCM technique

The basic concept behind SCM is to create passive hinges. These passive hinges are like passive
joints which are combined in some parts with actuators and in other parts simply left free. The
whole (actuated joints and passive joints) are combined in an auto-constrained structure. That
auto-constrained structure should be capable to use passive joints and, at the same time, have
the controllability of them. These structures are clearly parallel architecture structures which
unlike to serial architecture structures, can use passive joints inside. In our case, we propose to
create parallel kinematic machines or parallel robots using SCM combined with piezoelectric
actuators. Let us recall that the dimensions of these parallel robots are in the millimeter-scale.
Each microrobot should be full packaged in 10 x 10 x 10 mm? as maximum, with pattern details
in the micro-scale (dimension of the detail are 10y m).

To create the parallel robots, some basic joints have first to be feasible with this process.
Table 4.1 presents all joints and their equivalences made by SCM as we proposed and those that
are normally used in classical robotics (large scale robotics).
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Large-Scale Millimeter-Scale
Joints Using Using SCM
conventional techniques Planar \ Folded

Revolute
=

x>~

Universal
c

|
el xz/&

Spherical
)

xo”

TABLE 4.1: Conventional joints and their equivalences made with SCM process.

4.2.4 Important parameters for designing hinges in SCM

The design of one simple hinge is first based on the gap “e” evidenced in Figure 4.3a. Then the
dimensions of the hinge is calculated according to the angle 6 to be developed and to this gap,
see Figure 4.3b. From this figure, we can see the strong link between the gap and the angle:

¢=fOL. (4.1)

where:

L is the thickness of the carbon fiber which is approximatively 130 pm,

0 (rad) is the maximum angle to be developed by the hinge,

e is the gap permitting the rotation,

f is a safety factor that we introduce to ensure that the hinge does not lock due to unavoidable
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defects in the fabrication process. In practice, we have used f=1.1.

Notice that the thickness of the polyimide layer has not been taken into account because the
thickness of one layer (about 8.5 um) does not affect significantly the calculus.

Lef

(a) (b)

FIGURE 4.3: Main parameters for designing hinges in SCM. (a) Unfolded hinge where the gap
e is the space between the two links, L. is the thickness of the carbon fiber. (b) Folded hinge
where the maximum reachable 6 angle is in accordance with e and L.

4.3 Fabricated prototypes

In this section, the different fabrication results and the prototypes of the two microrobots are
presented. First, a simple hinge was fabricated. Then complex 2D structures are shown. These
2D structures are afterwards folded to create 3D structures. The process to yield the 3D structure
from the 2D one follows a specific procedure.

First and foremost, to fold 2D to 3D structures, we have two options: either bottom-up
(first fix the legs and then the platform), or fop-down (first fix the platform and then each leg).
Thus, based on the property of parallel kinematic structures that inverse kinematics is easier
than forward kinematics, i.e., it is easier to compute the actuator values from the end-effector
pose rather than the converse, we used and propose to use the top-down option. In practice, we
have also tried the bottom-up (i.e. fixing legs first then the platform) without success.

4.3.1 Fabrication of a single hinge

The basic element necessary for the development of the two microrobots is the revolute joint.
Such unactuated joints, realized by SCM technique, are perfectly adapted to parallel kinematic
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machines where the use of unactuated joint is allowed. Figure 4.4 presents a SEM-image of a
fabricated sample that we have fabricated. Many details can be appreciated from the image. For
instance, we observe that the hinge is far from being perfect, contrary to the CAD design that is
shown in Figure 4.1, since the fabrication yielded defaults and imprecisions.

FIGURE 4.4: Pseudocolored SEM image depicting the carbon fiber along with the flexible poly-
imide.

4.3.2 Fabrication of the Micro Agile-Eye microrobot

The fabrication process of the microrobot called Micro Agile-Eye was split into three main
parts. The first part consisted in developing an array of actuators with their mechanical amplifier.
The second part consisted in developing the spherical parallel structure Agile-Eye (2DoF) that
transforms the displacement of the actuators into rotations of the plartform. Finally the two
structures, i.e. the legs based on the array of actuators and the Agile-Eye structure are assembled
and mounted on a 3D printed frame.

4.3.2.1 Mechanical amplifiers

The CAD design of the amplifier system is shown in Figure 4.5a. Simulation using Comsol
Multiphysic shows the performaces expected of the amplifier system, as shown in Figure 4.5b.

(a) CAD scheme of the amplifier. (b) Simulation of the amplifier system.
FIGURE 4.5: Amplifier system.
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Results of the microfabrications are described in the sequence of Figures 4.6a, 4.6b, 4.6c,
4.6d. Figure 4.6a shows the flexible element that allow the lever effect. The view of the flexible
element and a piezoelectric cantilever actuator compared with 1 cent euro coin is shown in Fig-
ure 4.6b. The support of the actuation system fabricated by 3D printing with the other elements
are shown in Figure 4.6¢. The assembled of piezoelectric cantilever actuators with the flexible
element are shown in Figure 4.6d.

c d
FIGURE 4.6: Fabrication re(sglt of the amplifier system. (a) Flexi(bl)e elements which are a con-
stituent part of the joints in the mechanical amplifier. (b) A flexible element and a piezoelectric
cantilever actuators before they are assembled. (c) Support and elements before they are assem-
bled. (d) Piezoelectric cantilever actuators assembled with the flexible elements.

Finally the assembled prototype with its electrical connections are shown in Figure 4.7a and
Figure 4.7b.
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|

FIGURE 4.7: (a) Amplifier mechanism assembled with its electrical connections. (b) Other view
of the amplifier system compared with one cent euro coin.

(a) (b)

4.3.2.2 Platform

The platform which is destined to be placed on the actuation system is fabricated entirely as a
planar structure and then the structure is folded to yield in a 3D structure. The CAD design of
the platform is shown in Figure 4.8.

1 mm
+—t

FIGURE 4.8: (a) CAD design of the orientable platform before the folding process. (b) Other
view of the structure.

The fabrication outcome of the planar structure is shown in Figure 4.9.
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FIGURE 4.9: Fabricated orientable platform in 2D.

4.3.2.3 Complete system

The assembled microrobot which is composed by the actuation legs and the platform is depicted
in a CAD design, as shown in Figure 4.10. An initial orientation is shown in the complete
system. This initial orientation is obtained by geometrical design in order to reflect the laser
beam perpendicular to the topside (upper surface). The support that holds the complete system
is shown in Figure 4.10c and Figure 4.10d.
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(© (d)

FIGURE 4.10: (a) CAD design of the assembled microrobot. (b) A micromirror layer device
is placed on the platform. (c) CAD design of the complete assembled microrobot including its
support. (d) Other view of the microrobot Micro Agile-Eye.

The fabrication outcome is shown in Figure 4.11 The electrical connections are fixed through
the support which was done by 3D printing. The complete device has a size slightly smaller than
1 cm’.
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() (b)

FIGURE 4.11: (a) Fabricated and assembled Micro Agile-Eye microrobot. (b) Other view of the
Micro Agile-Eye.

4.3.3 Fabrication of the PiBot microrobot

As mentioned earlier, the SCM technique was also used to fabricate the PiBot. Thereby, the
first stage was the design of the 2D CAD structure, as shown in Figure 4.12. The fabrication
outcome of the 2D structure is shown in Figure 4.13.

FIGURE 4.12: CAD design of the planar stage of the PiBot.
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FIGURE 4.13: Realization of the planar structure corresponding to the PiBot.

Then, two piezoelectric cantilever actuators of 10 mm length, 2 mm width and 250 um
thickness are introduced. A base fabricated by 3D printing serves as support. The CAD model of
the folded PiBot microrobot is shown in Figure 4.14. Finally, Figure 4.15 shows the amazingly
resemblant realization of the PiBot microrobot.

FIGURE 4.14: CAD design of the folded structure.
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FIGURE 4.15: Realization of the PiBot compared with one cent euro coin.

4.4 Precision evaluation

Indeed, SCM technology has many advantages over other methods. The SCM-based structures
allow to perform large deformations thanks to the polyimide layer and to the carbon fiber. SCM
technique yields therefore remarkable improvements without causing either fracture or rapid fa-
tigue on the operating structure. Nevertheless, this advantage disfavors the overall precision. To
explain this, a bent joint of a SCM structure is shown in Figure 4.16a. As shown in Figure 4.16b,
the joint itself generates undesirables strains. The latter will dislocate the direction and location
of the rotation axis. Consequently, uncertainties on the end-effector tilts are observed in SCM-
based structures.

interval of joint
axis vector

(b)

FIGURE 4.16: (a) A hinge based on the flexibility of a polyimide material. (b) Sprained kink
dislocating the position and the direction of the rotation axis in position and direction.

These uncertainties are principally due to defects created during the microfabrication. Thus,
in each joint, SCM microfabrication results in an uncertain Euclidean transformation built upon
three components:

1) uncertainties on the joint angle,
2) uncertainties on the joint axis orientation,

3) uncertainties on the position coordinate of the joint axis.
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These uncertainties can be quantified from the dimensions of the flexible hinge: the rigid-
to-rigid distance for the position or the cone defined by the hinge (see Figure 4.16b) for the
direction. It is noteworthy that all these uncertainties can drastically decrease the overall pre-
cision of the microrobot platform (end-effector). Thanks to interval analysis, we do not need
to push further on the modeling of the associated physics and can rely on (interval) kinematics
representation to bound the latter components. A brief introduction about the theory of inter-
val analysis is first presented below. then we present the errors evaluation by using interval
techniques.

4.4.1 Interval analysis
4.4.1.1 Definitions
A closed interval denoted by [x], is the set of real numbers given by:

W=k, xT]={xeR/x <x<x} 4.2)

The endpoints x~ and x™ are respectively the left and right endpoints of [x].
[x] is said as degenerate interval if x~ = x™. Such an interval contains a single real number
x. By convention, a degenerate interval [a,a| can be described with the real number a.

* The width of an interval [x] is given by:

w(x]) =x" — x~ 4.3)
* The midpoint of [x] is given by:
+ -
mid([x]) = ’% (4.4)
* The radius of [x] is given by:
xt —x
rad([x]) = — (4.5)

4.4.1.2 Operation on intervals

The elementary mathematical operation are also extended to intervals, the operation result be-
tween two intervals is an interval containing all the operations results of all pairs of numbers
in the two intervals. So, if we have two intervals x = [x, x*] and y = [y~, y'] and a law
o€ {+,—,.,/}, we obtain:

] o b =A{xoylrelx],yeDl} (4.6)
The four basic operations are as follows.

* The sum of two intervals [x] + [y] is defined by:

X+ =k +y,x" + ¥ 4.7)
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The difference of two intervals [x] — [y] is defined by:

b = bl=k" —y"x" =] (4.8)
¢ The product of two intervals [x] "[y] is the set:
x] . [] = [min(x"y ", x y", xty ", xTy "), max(x"y~, xyt, xTy ", xTy")] (4.9)

* The quotient of two intervals [x] / [y] is defined as:
/D)= R yyT] 0] (4.10)
* The intersection of two intervals [x] N [y] is the interval defined by:
i) if y© < x~ orx' <y~ the intersection is the empty set:
N p=0 (4.11)
11) Otherwise:
xX] N [y] = [max{x",y~ },min{x* y"}] (4.12)
* In the latter case, the union of two intervals [x] U [y] is also an interval defined by:
b U D] = [min{x™y~}, max{x"y"}] (4.13)

When [x] N [y] = 0, the union of the two intervals is not an interval. For that, the interval
hull is defined:

[X] U [y] = [min{x",y~ },max{x" y*}] (4.14)

It was proven that: [x] U [y] C [x] U [y] for any two intervals [x] and [y].

4.4.1.3 The set inversion problem

The problem which consists in finding the set X of variable x such that f(x) € Y, where Y is a
given set, is a set inversion problem. That is, find X such that X = {x € R"| f(x) € Y} =
f~Y(Y). Such a problem can be solved by a set inversion algorithm, such as STVIA (set inversion
via interval analysis) [93]. This algorithm is based on interval techniques and operations and is
summarized in Table 4.2, where w([x]) is the width of the interval argument [x] (as was defined
in (4.3)) and ¢ is the accuracy of the computation. S and S correspond to the upper and lower
bounds of the set solution S: SC S CS.
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SIVIA(inputs: [x], € ; outputs: S, S )
1. if [f]([x]) N [Y] = 0, [x] is non-solution;

2: if [f]([x]) € [Y], thus S:=SU[x]; S:=SUx] ;
3: ifw([x]) < ethus S:=SU[x];
4:  otherwise bisect [x] into [x;] and [x;];

SIVIA(inputs: [x;], € ; outputs: S, g) :
SIVIA(inputs: [xz], € ; outputs: S, S).

TABLE 4.2: The SIVIA algorithm [93].

SIVIA algorithm reaches its limit when S = [f]~!(Y) is large or has higher dimension than
two. In fact, the computational time increases exponentially with the number of variables and
with the desired accuracy € on the characterization. Additionally, other possible causes of the in-
crease the computation time are: the choice of the inclusion functions and the bisection strategy
[93].

4.4.2 Spatial rigid motion tools

In this work, the exponential mapping is used to highlight the uncertain motions in the micro-
robot and that were not possible to yield by other representations. In fact, exponential mapping
allows a global description and a geometric handling of spatial rigid body motion and is widely
described in classically sized robotic systems [161]. Thus an exponential mapping representa-
tion for SE(3) (special Euclidean group) is used to account for the uncertain motions present in
the joints. Remind that the motion generated by a rotational joint is described by the homoge-
neous transformation T, € SE(3) obtained by the following exponential matrix:

Tjoint = € (4.15)
3),

where ¢ is the joint variable and £ belongs to se(3), the Lie algebra associated to SE(3). The

latter is given by:

N w —wx pjoint 416
=1, o (4.16)
where p o 18 the joint position and
0 -
o=| o 0 - 4.17)
- W 0

where & € so(3) is built upon w = [@; @, w3]7

the joint axis.

, the unitary vector representing the direction of
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4.4.3 Interval representation of uncertainties

Since the formalization of intervals in [122], these tools have been used in various applications:
modeling, algorithms and computation, signals and parameters estimation, stability analysis,
control design and robotic modeling. In particular, interval techniques permit to determine the
bounds of uncertainties for a given function in which its variables have uncertainties. Having
that possibility, it is possible for instance in robotics to determine the precision at the end-
effector from the bounded uncertainties in the joints for a serial manipulators [132]. In order to
perform an analysis of uncertainties, they have to be mathematically quantified in each joint axis.
Their physical characteristics and limits have to be abstracted using intervals sets. Thus values
of either scalars (angles) or vectors (axes direction and position coordinates) are expressed by
intervals as:

i) an angle g becomes Q = [q — &,,9 + &,].

prapxa px+6x
ii) a point p with coordinates [py,py,p;|” becomes: P = |Py—6p,, Py+ ),
D — sza p; + sz

W] — 56017 Wi + 6(01
iii) a vector w with components [®; ,a)y,a)Z]T becomes: Q = |w2—8w,, W2+ O,

where &;, with i € {q, @1, @, @3, py, py, p }, correspond to the radius of uncertainties.

4.4.4 Transferring the uncertainties

Similar to Figure 4.16b, Figure 4.17 shows two rigid links attached by the joint at B. Uncertain-
ties due to the SCM fabrication technique are exhibited at the joint B (uncertainties of angle, of
axis direction and of position).

Tec

joint at B shows uncertainties of:

e angle developed,

e joint axis orientation,

C

e position coordinate.

TAC = TAB * TBB/ k TB/C’

FIGURE 4.17: Two links and a flexible hinge at B with uncertainties due to the SCM fabrication
technique.
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Thus, the homogeneous transformation between the reference frame in A and the one in C
is denoted by: Tyc = Typ * Tpp * Tpc, where the homogeneous transformation Tzp takes into

account the joint uncertainties in B. It is explicitly denoted as:

Tep = eéBQB

where:

Q@ is the interval representing the uncertain angle developed at B.

Zp is an interval matrix that is compatible with the structure of se(3) and is given by:

[1>
&
|

0 0

QB —QB X PB]

where:
Q p is the vector interval representing the uncertain axis direction of the joint at B.
Pg is the vector interval representing the uncertain position of the point B.

4.4.5 Methodology to evaluate uncertainties in parallel robots

Our methodology to find the uncertainties in the platform follows the following steps.

(4.18)

(4.19)

* The analysis starts by solving the inverse kinematics (i.e finding the joint variables (g) in
function of a given space variables (x)) of the parallel robot, in a given configuration using

conventional arithmetics.

* Then, the uncertainties corresponding to each joint (g — Q and £ — E) are introduced,

using the interval exponential matrices.

* Finally, the implicit kinematic constraint is solved for the end-effector pose X, given the

calculated uncertainties.
Let us develop these three steps:

i) Inverse kinematics

A brief reminder: Inverse kinematics deals with computing the joint variables g with
respect to the operational angles x. In [120], a methodology to calculate the inverse
kinematics of a parallel robot using the implicit equations of the structure geometry was
described. Initially, the coordinates of one specific point on the robot are expressed as a
function H|(x) of the end-effector variables. Then, the same coordinates are expressed
as a function H»(q) of the joint variables. Thereby, equating H; (x) and H>(q) yields the
implicit kinematic constraint: H;(x) = Hy(q). Finally, joint variables are expressed in

function of the end-effector variables (g = f(x)).
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ii) Exponential interval matrices

After taking into account the uncertainties in the joint variables (position, direction and
angle), the evaluation of the overall precision is carried out based on exponential interval
matrices.

Nevertheless, the counterpart of an easy representation of uncertainties with intervals
parameters (@, P and €2) is the numerical calculation of an exponential of interval ma-
trix. Goldsztejn [61] proposed a computational method to calculate the exponential of an
interval matrix, based on the truncated Taylor or Padé expansion (Horner-Taylor series)
computed in double precision. Among the three methods to calculate such an expo-
nential, this method minimizes the overestimation in the results [61]. This method is
therefore employed here as it is well adapted to precision evaluation.

iii) Set inversion via interval analysis (SIVIA)
The process to find the space variables x by the intervals Q is directly addressed by using
SIVIA (see Section 4.4.1.3) [?]. SIVIA formally states that, when given a nonlinear
function from R” to R and a set ¥ in R™, the set X of solutions can be computed as
X={xre | f(x) € Y}=f'(¥),

4.4.6 Implementation of the method on the proposed PiBot microrobot

The evaluation of the precision presented above has been applied to the microrobot called PiBot.
i) Inverse kinematics

This section uses a remainder of the inverse kinematics of the microrobot PiBot that was
detailed in Section 3.5.1. Thereby, by observing Figure 3.10 and given a feasible platform
orientation, defined by the values of the passive-leg U-joint angles (6;,6,), the mechanism
configuration can be calculated by finding the intersection of a sphere centered at the point C;,
i = 1,2, with radius |B;C;| and the circle with center A;, with radius |A;B;|, in a plane normal
to the line A1A,. Thus, to find the implicit equation of the microrobot PiBot which is shown in
Figure 3.10 we proceed as follows.

On the one hand,

1x3

where PC; and PC;|,,, are the homogeneous coordinates representing the vectors linking P and
C; expressed in the reference system fixed at the point P parallel to x,y,z and u,v,w respectively.
R is the rotation matrix given by (4.21).

o 0 52
R(61,6:) =R (61)R,(6,) = S182 €] —S182 4.21)
—C1852 S1 Cc1C

where ¢; = cos 0y, s; =sin 6y, co = cos 05, 5o = sin 65.
On the other hand,
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"
PC, = PA; + AiB, + B.C; = Ha(g:) (4.22)

where fﬁi is a constant, and Al—Bi = TppBi|a — Ailp, ﬁ = T'TxCi|p — T\ T»B;|g. We have Tpp,
T, and T, the homogeneous transformation matrices relative to the transformation between the
coordinates of the joints of the robot and the coordinate system fixed at P, parallel to x, y and z
containing the joint variables g.

As consequence from (4.20) and (4.22), we obtain:

T(81,62)PC.luy =(Ai — P) + (TpsBila — Ailp) + (1 B:Cilp — TIToBis)  (4.23)

Thus, for any desired operational angles 0; and 6,, (4.23) permits to find the joint variables
q- This equation gives a large space of solution but only physically possible solutions are con-
sidered in our calculations. By physically possible solutions, we mean solutions reachable by
the actuator. According to the actuators performance, only some physically possible solutions
are considered in our calculations.

ii) Applying Uncertainties as Intervals

Imposing intervals in the variables of position, direction and angle of (4.22), yields:

(PC}] = [PA) + (4B, + [BC) (4.24)
where square brackets denote interval vectors.
* In the left part of (4.24) we have
[PC] = T(©1,02)PC (4.25)
where, ®; and ©, are intervals denoting the uncertainties of the mobile platform orienta-

tion of the microrobot and

R(©1,0;) 034

7(01,6) = 01x3 1

(4.26)

where R(©1,0,) is an interval matrix associated to (4.21).

—>
* Furthermore, as PA; are fixed points on the support of the robot and are not prone to
uncertainties, we trivially have
— =
[PA;] = PA; =A; — P (4.27)

where PA; are fixed points in the support of the robot and does not show uncertainties that
we are evaluating. Indeed, uncertainties of the fabrication of the base are fixed and do not
change when the robot moves.
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* The second vector of (4.24) is expressed by

—
iBi

[AB)] = [B)] — [A] = Tppe=2%eS% B, |, — Al p (4.28)

¢ Finally, the third vector of (4.24) by

[ﬁ] _ [Ci] _ [Bi] :TleélQ[l TzeézQéeé3Q§Ci|B T eélQil TzeézQéeé3Q§Bi‘B (4.29)

where €=/ is the interval matrix exponential which takes into account the uncertainties in the
joint angle (Q;) and in the joint axis position and direction (Z;), Tli (resp. Tzi) 1S a constant
homogeneous transformation between the reference frames attached to points P and A; (resp. A;
and B;), Ci|p are the homogeneous coordinates of the point C; expressed in the reference frame
attached to point B;.

Finally, replacing (4.25), (4.27), (4.28) and (4.29) into (4.24) yields:

— & i Aol
T(@®1,02)PCi| i =(A; — P) + (Tppe=%2e=% B;|4 — Aj|p)+

= i = st =i N s i (4‘30)
(Tlez‘]Ql Tze=2Q26-=3Q3Cl.|B _ Tle-=1Q| Tze=2Q2e;3Q3Bl-|B)

iii) Results

With (4.30) the process to find ®; and ®; by the intervals Q; is directly addressed by using
the SIVIA algorithm. In our case, we identify: X = {©1,0,}, Y = {Q;} and f~! which is the
inverse kinematics interval model. Thus, this part presents the interval solution that represents
the precision at the end-effector. The INTLAB [155] Matlab toolbox was used to perform the
interval calculations.
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FIGURE 4.18: Result of the components of (4.24) by SIVIA algorithm (a) of the first component.

(b) of the second component. (c¢) of the third component.
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FIGURE 4.19: Outcome of the intersection of all the three solutions shown above.

Figure 4.18a, 4.18b and 4.18c show the solution of each of the three components of (4.30).
Figure 4.19 is the region that belongs to the intersection of the three solutions respectively as-
sociated to each component of (4.30). The solution set Sc correspond to ®; and ®, that may
take the platform orientation. In Figure 4.19, the uncertainties of the angle ®; are bounded in
an interval of width 0.02° and those of ®, are bounded in an interval of width 0.01°. These un-
certainties in the platform of the PKM directly result in uncertainties on the spot laser projected
onto the vocal fold. Due to the mirror placed on the platform of the robot, the uncertainties are
twice more on the vocal folds. For a working distance of 20 mm between the platform and the
vocal fold, the uncertainties are in the order of 14 pum.

The results shown in Figure 4.20 are obtained by running the same algorithm for differ-
ent sets of coupled angles i.e., (15°,15°), (-15°,15°), (-15°,-15°) and (0°,0°). Each plot in the
figure shows the interval intersection result. The intersection is computed using the individual
component plots generated by SIVIA and (4.30). The platform response has been tested at the
extreme tilts and at zero-tilt. From the obtained results, it is clear that the interval intersection
is large at the origin of the tilting axis which clearly states the existence of higher uncertainties
(unwanted movements) at (0°,0°). The maximum uncertainties found in the result obtained for
different sets of coupled angles are intervals of width 0.10° (Figure 4.20d). When employing the
platform to orient a laser beam onto a vocal fold distanced at 20 mm, the related scanning un-
certainties are about 70 um which remain acceptable for the targeted phonomicrosurgery task.
Figure 4.20(a,b,and c) shows the solution set Sc for which the extremal configuration of the
platform is assured.

2 Any angle developed by the mirror is the half of the angle developed by the laser beam.
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FIGURE 4.20: Algorithm performed to several angles (A) (6;,6,) = (15°,15°) (B) (6,,6,) =
(—15°,15°) (C) (6,,6,) = (—15°,—15°) (D) (6;,6,) = (0°,0°)

4.5 Conclusions

This chapter deals with the SCM fabrication technique and its utilization to build the two pro-
posed microrobots. An analysis of the errors of positioning caused by the fabrication was eval-
uated on one of the fabricated prototypes.

First, the details of the SCM fabrication technique were explained, such as materials to be
used with this technique and the process steps to follow. Moreover, it was shown that this tech-
nique is well adapted to the fabrication of parallel kinematic structures since it allows to create
structures using unactuated joints. This parallel kinematics structures created using the SCM
technique can be mixed with piezoelectric cantilevers actuators to generate the displacements
required. Furthermore, conventional joints and their equivalences made with SCM process were
presented.

Afterwards, we presented the fabrication of the two microrobots. CAD design and fabrica-
tion outcome are presented for each microrobot.
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Finally, an analysis of the errors of positioning of the microrobots caused by the SCM fab-
rication process was presented using interval analysis.

The contributions of this chapter are: i) the appropriation of the recent SCM fabrication
technique; ii) the realization of two unprecedented microrobots, one being the miniature version
of the Agile Eye and the other having an unpublished kinematic structure; iii) the proposition
of a method for forecasting the accuracy of PKM’s made of flexure joints, by extension of a
method published in the case of serial kinematic structures; iv) and, incidentally, the confir-
mation that the proposed microrobot should be able to reach the expected accuracy for laser
phonomicrosurgery.
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Chapter

Control

This chapter deals with the experimental performances, the characterization and
the control of one the developed microrobots. The Micro Agile-Eye, which has a
more complex structure than the other proposed microrobot, was tested in a closed
loop control scheme. A feedback using vision was used in order to estimate the
microrobot Cartesian variables which are the two orientation degrees of freedom
of the microrobot platform. This estimation is computed from the position of a laser
spot which is projected onto a screen, driven by the microrobot and captured by two
cameras. Nonlinearities and badly damped oscillations due to the piezoelectric
cantilever actuators were modeled and compensated using feedforward control.
Then, merging the feedforward control scheme and the feedback using cameras,
the controlled microrobot was tested with different input reference signals. Finally
a comparison between the two schemes, i.e., the feedback only and the feedforward-
feedback combined, was analyzed.
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5.1 Introduction

In this chapter the Micro Agile-Eye microrobot is characterized and controlled. The micro-
robot is equipped with a mirror which is glued on its platform. Then, a laser beam which is
reflected by this mirror is generated using a laser pointer. Thus, the direction of the reflected
laser beam is driven by the orientation given by the microrobot platform. The reflected laser
beam is projected onto a screen forming a laser spot at some 20 cm of distance from the mirror.
The position of this laser spot is detected by two cameras. Using the position of the laser spot,
the two orientations (angles about “x” and *“y”-axes) of the platform are computed. Then, the
microrobot is controlled using a classical visual servoing control scheme. This will be presented
in Section 5.2. Furthermore, nonlinearities such as hysteresis which is originally caused by the
piezoelectric cantilever actuators are identified and then compensated for. The same procedure
is applied to compensate for the badly damped oscillations. These compensations are performed
by using feedforward control schemes. This will be presented in Section 5.3. In addition, the
feedforward controlled microrobot is augmented by a feedback scheme. This will be presented
in Section 5.4. Finally, the performances of the classical visual servoing only scheme and the
coupled scheme based on the feedforward compensation and the visual servoing, are compared
using performances index based on the errors.

5.2 Classical visual servoing control

Visual servoing or vision-based robot control was defined and explained in Section 2.6.4 and
it is used in this section. A closed loop control scheme was implemented using the feedback
signal given by two cameras, as depicted in Figure 5.1 and explained now. To acquire the posi-
tion of the laser spot, classical techniques based on epipolar geometry were implemented [69].
The signal is afterwards used to correct the position of the laser spot compared with the input
reference. A proportional derivative controller (PD) is used for that. The Jacobian of the optical
system (J,;) is used to decouple the control law signal after the PD controller to obtain the
angular velocities of the platform required to correct the position of the laser spot. Notice that
Jopr 1s a matrix which relates the laser spot rates (X, y) to the angular velocities of the platform
(1, 6,). The inverse kinematics of the microrobot (J,,;) is used to decouple the two required
angular velocities of the platform to obtain the associated joint velocities and thereby to correct
the position of the laser spot. Notice that J,,, is a matrix which relates the angular velocities
of the platform 0y, 6) to the joint variables velocities (3], 52). Both Jacobians J,,; and J,,
require the actual values of the platform orientation (6, and 6,). To do so, we used G, the
inverse static kinematic model of the optical system that provides the angles of the platform
(01, 6>) given a position of the laser spot onto the screen (x,y). Note also that an integrator is
used before sending the signal to the actuators due to the fact that the piezoelectric cantilevers
actuators are controlled in position (contrary to the motors used in macro robotics that are driven
in velocities, i.e., a velocity is given when a voltage is applied). Finally, the correction signal
(6,1 and J,7) is sent to the actuator to modify the laser spot position. The complete scheme is
depicted in Figure 5.1.
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FIGURE 5.1: Control using visual feedback.

5.2.1 Experimental setup

Figure 5.2b depicts the experimental setup, where the two legs of the microrobot (each leg
being composed of three piezoelectric cantilever actuators) are driven by high-voltage (£ 100
Vnax) amplifiers (FLC Electronic model A400DI). A dSPACE module with 32 bits DAC and
ADC channels is used to produce an analog voltage, which is then amplified by the high-voltage
amplifier. Tilts in the x and y-axes of the orientable platform generate a change of the laser beam
direction sent by a laser pointer. The laser spot is projected onto a screen located 20 cm from
the surface of the mirror manipulated/orientable/steered by the microrobot. The displacement
of the spot onto the screen is measured by two cameras (Guppy pro model:GPF 033B ASG -
E0030013) set to work at 25 frames/s. The position is calculated with respect to the center of the
platform by a computer (with a program in C++ using the library ViSP). That computed position
is sent to a National Instrument card (NI model: USB-6211 with 250kS/s) externally installed
via USB connection. Then the desired piezoelectric cantilever deflection, in an equivalent analog
voltage, is sent to a analog input of the dSPACE module. Moreover, Matlab Simulink software
is employed to implement the control scheme. Finally, the implemented system is embedded
in the dSPACE microprocessor to perform real-time control using ControlDesk running at 1
kHz. Notice that the dSPACE module doest not allow to manage the Guppy drivers (cameras),
therefore the processing of images was performed by a C++ program, then the result was sent
through the NI card as an input signal to the dSPACE module.
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FIGURE 5.2: Experimental setup.
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5.2.2 Experimental results

This section presents the experimental results which were obtained with the setup described
above, i.e., using vision-based feedback to close the loop. First, step responses of the controlled
microrobot are evaluated independently for both axes. Then, the hysteresis in each axis of the
controlled microrobot is evaluated. Finally, the microrobot is controlled to trade complex spatial
reference trajectories: a circle, a spiral and a Lissajous trajectory. Notice that the values of the
controller gains were Kpx = 40, Kdx = 12 and Kpy = 50 Kdy = 10 for the x-axis and y-axis
respectively. The sampling time was limited by the cameras and set to 10 Hz.

5.2.2.1 Step response

Each independent orientation of the platform is reflected onto the screen as a translation of the
laser spot onto the projection plane. Thanks to the decoupled kinematics, the two translations
direction are also decoupled. First, a step reference signal with 10 mm of amplitude is sent to the
system for the x-axis, and later for the y-axis. Then, the response to that input signal is recorded
by the vision-based capture system, as depicted in Figure 5.3 and in Figure 5.4 for the x-axis
and for the y-axis respectively. An analysis of these figures shows that the closed-loop system
is limited in bandwidth due to the cameras. Thereby, high dynamics are not observed. In both
figures the sampling time used by the cameras is about 0.1 second, i.e., a sampling frequency of
10 Hz. The response time to the step is approximatively 3.2 ms and 2.5 ms for the x-axis and
y-axis respectively. In both axes the static error is about 1%. Improvement of these responses
can be achieved using cameras with a high working frequency.
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FIGURE 5.3: Step response of the controlled microrobot along the x-axis.
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FIGURE 5.4: Step response of the controlled microrobot along the y-axis.

5.2.2.2 Complex spatial trajectory tracking

The controlled microrobot is now tested with three complex spatial trajectories: 1) a circle, ii) a
spiral iii) and a Lissajous curves. Each of them is described below.

Circular trajectory tracking

A coordinated and independent reference input signal is sent to the controlled microrobot
system. For this experience, each axis is supplied with a sinusoidal input signal. Their equations
are: x, = XSin(2xft) and y, = Y Cos (27 ft), where X =¥ = 10 mm is the radius and f=0.1 Hz
is the frequency. The result is depicted in Figure 5.5a. In that figure we can note that, in the
low part of the circle, the tracking has not a good fit and the control law was not enough. The
hysteresis as first hypothesis is planted as the cause of that misfit.

Spiral trajectory tracking

For this experience, each axis is supplied by a sinusoidal signal with a variable amplitude.
The amplitude is gradually increased from 5 mm to 10 mm. Thus, the trajectory generated is a
spiral, as depicted in Figure 5.5b. The time to generate that spiral is 15 seconds. In the figure,
the misfit increases with the increasing distance of the path to the center.

Lissajous trajectory tracking

Finally, each axis is supplied by a sinusoidal signal with different frequency. The frequency
in the y-axis is twice the frequency of the signal supplied to the x-axis. Thus, the path generated
is a Lissajous figure, as depicted in Figure 5.5¢. The amplitude of each sinusoidal signal is
10 mm, while the frequencies are 0.24 Hz and 0.12 Hz in the y-axis and x-axis respectively
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which corresponds to a ratio of 5= 2. In the figure, again we can note that in the low part of

the trajectory, the tracking has not a good fit and the control law was not enough. Once again, a
priori the hysteresis of the actuators is the principal cause of that misfit.
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(a) Tracking of a circle trajectory. (b) Tracking of a spiral trajectory.
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(c) Tracking of a Lissajous trajectory.

FIGURE 5.5: Complex trajectory tracking using visual servoing.

5.2.2.3 Hysteresis analysis

The hysteresis of the controlled microrobot system is depicted in Figure 5.6a and in Figure
5.6b for the x-axis and the y-axis respectively. These hysteresis are obtained by applying a
sine input reference along one axis and by letting the other axis null. The frequency used to
generate a complete cycle was 10 Hz and the amplitude of each sinusoidal signal was 10 mm.
The hysteresis obtained in both axes are asymmetric.
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(a) Hysteresis of the controlled microrobot system for the x-axis.
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(b) Hysteresis of the controlled microrobot system for the y-axis.

FIGURE 5.6: Hysteresis of the controlled microrobot using visual servoing.

5.3 Feedforward compensation of vibrations and hysteresis

As expected, piezoelectric actuators offer many advantages, however they exhibit unwanted
nonlinearities. The nonlinearities are mainly hysteresis and creep. They affect the final per-
formances of the whole robotic system. Moreover, they can affect the stability and precision
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whether they are not well accounted for or represented in the closed-loop. First, a brief descrip-
tion of these two nonlinearities is given below.

Hysteresis: This nonlinearity is defined in [116] as a path-dependent memory effect where the
output relies not only on the current state but also on the past output history. Hysteresis is
highly present in piezoelectric materials as was described in [143, 68]. The observation
of the hysteresis is carried out by applying a sine voltage signal with a fixed frequency to
the piezoelectric cantilever actuator, then the output displacement is recorded. %% is the
amplitude of the hysteresis, as shown in Figure 5.7.
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FIGURE 5.7: Hysteresis obtained from a piezoelectric cantilever actuator from [145].

Creep: This phenomenon is defined as the progressive time-dependent inelastic deformation
of materials under constant load and temperature [123]. The observation of the creep
is done by applying a step voltage to the piezoelectric cantilever actuator and recording
the resulting output for a long period, as shown in Figure 5.8. In our system we did not
take into account this nonlinearity because their slow effect is compensated by the visual
feedback.
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FIGURE 5.8: Creep obtained from a piezoelectric cantilever actuator from [145].

Another effect that decreases the high performance of our microrobot system is the un-
wanted vibrations caused by the badly damped oscillations which are found in the non-recessed
part of piezoelectric cantilever actuator. Characteristic oscillation at the end of the piezoelectric
cantilever actuators is shown in Figure 5.9. This oscillation is associated with high Q-factor
(quality factor) and with poles with large imaginary parts. In consequence this oscillation ex-
tends the settling time (even if bandwidth is high) and strongly compromises the stability of the
final task.
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FIGURE 5.9: Oscillation obtained when applying a step excitation to a piezoelectric cantilever
actuator from [145].
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5.3.1 General principle of feedforward control

The objective of a feedforward control is to lead & equal to the reference 6, without using sen-
sors. The controller, called compensator is in cascade with the system, as shown in Figure 5.10.
The implementation of a feedforward control requires no additional hardware or sensors which
decreases the costs of implementation. This point is interesting when installing sensors inside
the structure can increase the uncertainty of the measure, increase the disturbance influence,
or is even impossible. This latter is the case of microdevices. However this approach requires
an accurate knowledge of the undesirable behaviors. Thereby, a full characterization of those
behaviors should be done first.

0, U 0
—> Compensator

FIGURE 5.10: Feedforward control of one actuated leg of the micro-robot.

The microrobot has two legs which are directly linked to the orientation of the platform,
and the orientation of the platform modifies the laser spot position. In our microrobot, we have
identified two systems: i) the right leg which provides the displacement of the laser spot in the
y-axis, ii) and the left leg which provides the displacement of the laser spot in the x-axis. Thus,
we have decided to compensate first for the unwanted vibration and then to compensate for the
hysteresis.

5.3.1.1 Vibrations compensation

Many studies have been carried out regarding the compensation of badly damped vibrations.
Figure 5.11 gives a synthesis of these methods [143].

Basic methods as rate limiter or low pass filter can efficiently decrease the vibrations but
increase the rise time and decreasing the bandwidth of the controlled system. Methods based
on inversion require conditions in the model before calculating the compensator (bi-causality,
bi-stability). Most of these methods can maintain the rise time and the bandwidth but are not
generally valuable for non minimum phase systems (systems with unstable zeros) that in case of
complex structures using piezoelectric actuators could obtain unstable zeros. In Zero Magnitude
Error Tracking Control (ZMETC), non-minimum phase (with unstable zeros) can be handled
but the system should be discrete. Input-Shaping methods have been used in robotics for many
years, the basic method being the Posicast [166, 75] which decomposes the command input
amplitude into two steps. There are different kinds of input shaping methods, a panorama of the
existing methods is given in [165]. Zero-Vibrations Input Shaping (ZVIS) is a generalization of
the Posicast method and is described below.

Zero-Vibrations Input Shaping This is a technique to minimize the vibration in badly damped
systems and it was presented by Singer in [164]. This method is based on the convolu-
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FIGURE 5.11: Vibration compensation methods.
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tion of several impulses with the input reference signal. Recently [144, 145] it has been
applied to compensate for vibrations in piezoelectric cantilever actuators. In our case,
we will compensate for the undesirable vibrations generated by an array of piezoelectric
cantilevers. The compensator in input shaping techniques is also called “Shaper”.

If a badly damped oscillating system is excited by an impulse input, a vibration appears
with @, as natural frequency and & as the damping ratio. Then if this system is excited by a

second impulse input at time 7; = T /2, with T = 2’1’ = then the two vibrations (caused
o/ 1—

by the first and the second impulse input) can cancel each other out if the impulses amplitudes

were conveniently chosen, as shown in Figure 5.12. For any reference input 0, is applied, this

is convolved with the shaper, as shown in Figure 5.13.
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first impulse response

FIGURE 5.12: Two impulses applied to a badly damped system.

A, = Ty

Shaper

FIGURE 5.13: Block diagram of the Zero-Vibration-Input-Shaping technique.

The identification step (to get @, and &) should be precise enough to reach a zero residual
vibrations after compensation. If there are uncertainties on the used @, or &, a high number of
impulses in the shaper should be used to minimize the residual vibrations.

The computation of the shaper is explained below.

Let the transfer function of the system:

0 K
& (e (Bt G-D
o, o,
where K is the static gain of the system.
Now, consider A; the amplitudes of the impulses and #; their applications times. Thus, each
vibration caused by each impulse has the following time-domain equation:
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5= KAif’—”ézeK”f)é“’n] sinw,y/1— E2(t —1;) (5.2)

The objective is to have:

i §(t) =0 (5.3)
i=1

where m is the number of impulses in the shaper block.
The calculation of the amplitude of each impulse must ensure the positivity and the normal-
ization condition:

Ai>0and Y Ai=1 (5.4)
i=1

_ &
Thus, considering § = e '-¢7, the solution of A; and #; is:

A= (g =0
A == 4 =

A | 72T @By and t;: =14 (5.5)
Ap = (1+(Il3m)M—1 Im = (m o I)Td

where m is the number of impulses in the shaper, a; indicates the /" monomial of the polynomial
from (1+B)"~!'. We have a; = 1 and a,, = B!

impulse

— Ay

impulse delay

Oc| > A, -

impulse dela

>~ A,

Shaper

FIGURE 5.14: Complete block diagram of the Zero-Vibration-Input-Shaping with “m” impulses.
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5.3.1.2 Hysteresis compensation

To compensate for the hysteresis the first step is its identification and characterization. Many
authors have modeled the hysteresis following different approaches [116, 82]. A synthesis of
these methods is given in Figure 5.15.

Polynomial
Elliptic

l Geometric-based model

Prandtl-Ishlinskii
Maxwell-Slip

Hysteresis

l Operator-based model
models

lifferential equation-based mode

FIGURE 5.15: Hysteresis models.

Geometric models are simple in equation structures (polynomial, elliptical, quadrilateral).
The principal limitation is their non validity when the input signal is changed in amplitude or in
frequency. Operator-based models such as Preisach, Prandtl-Ishlinskii consist in approximating
the complex hysteresis as the superposition of basic elements called hysterons. Differential-
equations based models include Duhal and Bouc-Wen approaches. These methods are based
on nonlinear differential equations. Recently Bouc-Wen model has been successfully used to
model the hysteresis in piezoelectric materials [142, 168, 68]. The advantages of the Bouc-Wen
method are: i) the simplicity of its few equations, ii) and the convenience to treat asymmetric
hysteresis. Then, due to the asymmetry of the hysteresis in our microrobot (see Figure 5.6), we
propose to use the generalized Bouc-Wen approach to model the hysteresis and then to calculate
the compensator.

Generalized Bouc-Wen: The generalized Bouc-Wen model is a set of equations which
relate force and material deformation, as follows [168]:

{f(x,x,z) = atkox + (1 — a)koz (5.6)
z=x[A—|z|"y(x,%,2)]

where f is the resisting force, x and X are the deformation and the velocity of deformation
respectively,  is the stiffness ratio of the structure, &y is one initial value of the stiffness, and z
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is a variable denoting the structure inelastic behavior. y is the hysteresis shape control function
which for Bouc-Wen model is represented by (5.7).

V(x,%,2) = Bisgn(xz) + Basgn(xx) + Bssgn(xz) + Basgn(x) + Bssgn(z) + Pesgn(x)  (5.7)

where f3; with i = 1..6 are constants controlling the shape of the hysteresis.

To adapt equations (5.6) to the case of piezoelectric cantilever actuators: the driving signal x
is replaced with the voltage U and the bending displacement f /kg is 8. Parameter m is assumed
to be 1. Thus, equation (5.6) and (5.7) become:

6 =kU —z (5.8)
¢ =UlA—|z|v] '

with

v = Bisgn(Uz) + Basgn(UU) + B3sgn(Uz) + Basgn(U) + Bssgn(z) + Pesgn(U) (5.9)

The identification of the Generalized Bouc-Wen model is as follows. First, one periodic
sinusoidal signal input voltage U is applied. Then the output displacement (k)7 due to this
voltage U (k)“*? is captured (the exponent “ext” denote that is a experimental data). Finally the
system is identified offline by using the experimental data U (k)*? and &(k)*” and equation
(5.8). The following least square optimization is proposed for that:

min( X (8(6) - 5(0)°)?
8(k) = KU (k)*? — z(k)
£= VWA= k)l

Z(k)—Z(k—l) U(k) — U(k)—%(k—])
A

(5.10)

and A T is the sampling time.

Vibration
Hysteresis compensator
compensator

Hysteretic system

FIGURE 5.16: Block diagram of a feedforward control to cancel the hysteresis behavior.

Having identified the hysteresis model, a compensator to this identified hysteresis can be
calculated. The compensator is built in such a way that the general feedforward controlled
system, as depicted in Figure 5.16, satisfies the following condition:
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5= (5.11)

where 0, is the desired reference. Introducing (5.11) in (5.8) yields:

8 =K8 —z (5.12)

Thus, the compensator is obtained as:

8 =K 1(8+2) (5.13)

with z = U (k)*P[A — |z(k)|y]
Figure 5.17 depicts the block diagram of the hysteresis compensator with the system and
with the vibration compensator.

Z()

Hysteresis compensator Hysteretic system
(model)

FIGURE 5.17: Generalized Bouc-Wen hysteresis compensator.

where Z(.) denotes a nonlinear operator characterized by the second equation of (5.8). The
control signal &, is the output of the hysteresis compensator and the desired displacement 9, is
its input.

To summarize, the feedforward compensation of each leg is done in cascade, as shown in
Figure 5.18.

Hysteresis compensator

Vibrations compensator

FIGURE 5.18: Compensation of vibration and hysteresis of a robot leg.
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5.3.2 [Experimental Setup: Interferometer

Using standard cameras, as was presented in Section 5.2, all the fast dynamics of the micro-
robot are not observed (including nonlinear behaviors and badly damped oscillations). This is
due to the low working frequency of the cameras. Unfortunately, due to the time/schedule con-
straints of the collaborative project (WRALP) our high-speed camera was not available. How-
ever, to develop a feedforward compensator, the fast dynamics of the microrobot system must
be characterized and therefore must be measured. Thereby, to characterize the hysteresis and
the badly damped oscillations of the microrobot, a 1DoF interferometer was installed near to
the microrobot platform, as shown in Figure 5.19. Note that in this situation the presence of the
interferometer impedes the use of the cameras at the same time.

Interferometer

FIGURE 5.19: Interferometer for the measurement of the displacement of each leg of the micro-
robot.

Figure 5.20 depicts the schematic principle of the experimental setup. The two legs of the
microrobot (each leg formed by three piezoelectric cantilever actuators) are driven by a high-
voltage amplifier (FLC Electronic model A400DI). A dSPACE module with 32 bits DAC and
ADC channels is adapted to produce an analog voltage, which is then amplified by the high-
voltage amplifier. The output displacement of each leg is measured by the interferometer (SIOS
Mestechnik Gmbh model: SP-S 120). This interferometer has the capability to measure dis-
placements with high frequencies (10 kHz). The analog voltage output of the interferometer
which is proportional to the displacement, is acquired by the computer through one ADC chan-
nel of the dSPACE module. Moreover, Matlab Simulink software is employed to implement the
control scheme and then to embed it in the dSPACE microprocessor to perform realtime control.
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Interferometer

Simulink

Computer

PKM

DSpace
Module

FIGURE 5.20: Diagram of the experimental setup for the characterization of fast dynamics of
the microrobot legs.

5.3.3 [Experimental results

First, the badly damped oscillations in each leg were modeled and then compensated. After
that, the hysteresis of the new system composed by the vibrations compensator in series with
the robotic structure (leg of the robot) was modeled and controlled. The sampling time of the
whole system was set to 1 kHz. The different results are presented below.

5.3.3.1 Vibrations compensation results

To compensate for the badly damped oscillation of each leg, the Zero-Vibration Input Shaping
method is used. A description of the procedure is given below.

Control of the left leg

To characterize the oscillation presented at the tip of the left leg, a step input voltage is
applied. Figure 5.21a shows the result. Then a 2nd-order model was identified. In fact, to
exactly fit the real system, at least a 7th order should be used. However, the Zero-Vibration
Input Shaping method is based on a 2nd-order model. In Figure 5.21a the identified system is
also shown, which evidences a good fit in frequency but not in amplitude. Nevertheless this 2nd-
order is used to synthesize the feedforward compensator. The compensated system is shown in
Figure 5.21b As we can see, the compensated system presents less amplitude of the oscillations
than the system without compensation. In spite of this residual oscillation of 50 Hz depicted in
Figure 5.21, the system performance is improved.
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70 .......... R .
: Step response of the micro-robot
Step response of the 2nd order identified model | :

x-disp (1m)
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(a) Step responses of the real robotic system and of the 2nd-order approximate model (identified) corre-
sponding to the left leg.

x~-disp (um)

0 0.01 0.02 0.03 0.04 0.05 0.06 0.07 0.08
time(sec)

(b) Step responses of the real system after the feedforward compensation for the left leg.

FIGURE 5.21: Feedforward compensation of badly damped oscillation in the left leg.
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Control of the right leg

The same procedure as for the left leg is applied here. Figure 5.22a depicts the step response
of the leg, as well as the step response of the identified 2nd order model. The compensated
system is shown in Figure 5.22b. Once again, the compensated system shows less amplitude of
the oscillation than the system without compensator. However evidence a residual oscillation
of amplitude 5 um and 50 Hz depicted in Figure 5.22. In practice the system was improved
decreasing the response time from 0.02 second to 0.004 second.

90 ................................................................................ .
Step response of the micro-robot
8ok | Step response of the 2nd order identified model |

700 -
60 fi 1 ||
50
40

hil|

20p L SO T SR

y-disp (um)

bl S e R e

0 0.02 0.04 0.06 0.08 0.1 0.12
time(sec)

(a) Step responses of the real robotic system and of the 2nd-order approximate model (identified) corre-
sponding to the right leg.
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(b) Step response of the real system after the feedforward compensation for the right leg.

FIGURE 5.22: Feedforward compensation of badly damped oscillations in the right leg.

5.3.3.2 Hysteresis compensation results

To compensate for the hysteresis of each leg, the generalized Bouc-Wen is used. A description
of the procedure is presented below. Notice that the system to be compensated is a compound
of the leg itself augmented with the vibrations feedforward compensator. To characterize the
hysteresis, the interferometer is still used and the sampling frequencies still left at 1 kHz. The
hysteresis is obtained by using a sine input with a frequency of 10 Hz.

Control of the left leg

Figure 5.23a depicts the hysteresis of the left leg. An identification procedure of the gener-
alized Bouc-Wen model carried out with the hysteresis. The simulation of the identified model
is also pictured in the same figure which shows a convenience of this model. After calculating
the compensator for the model, it is implemented. Figure 5.23b shows the experimental results
of the compensated system. As we can see, the hysteresis is highly reduced.
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(a) Experimental hysteresis and model simulation for the left leg.
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(b) Response when applying the hysteresis compensator.

FIGURE 5.23: Feedforward compensation of the hysteresis of the system composed by the
vibrations compensator and the left leg.
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Control of the right leg

The same procedure than for the left leg is carried out here. Figure 5.24a depicts the ex-
perimental hysteresis and the simulated identified generalized Bouc-Wen model, which shows
a good adequacy. Then a compensator is calculated and implemented. The results are shown
in Figure 5.24b which demonstrates a high reduction of the hysteresis. Nevertheless residual
oscillations are evidenced in both figures (before and after compensation), showing that the hys-
teresis compensator has no affect on the remaining badly damped oscillations of the vibration

compensator.
151

Hysteresis in the y-axis
Model of the hysteresis in the y-axis
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(a) Experimental hysteresis and model simulation for the right leg.
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(b) Response when applying the hysteresis compensator.

FIGURE 5.24: Feedforward compensation of the hysteresis of the system composed by the
vibrations compensator and the right leg.
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5.4 Visual servoing and feedforward compensation combined

In this section, we combine the previous feedforward compensation with the classical visual
servoing control. As far as we know this is the first time that visual servoing and feedforward
compensation of piezoelectric actuators are combined to control a 1 ¢m? microrobot. Figure 5.25
depicts the new diagram of the controlled microrobotic system. The unique difference with the
classical visual servoing control is the feedforward compensation schemes. These feedforward
compensators were synthesized in the precedent section and are now integrated in the whole
closed loop: compare Figure 5.25 with Figure 5.1.

Vibrations and hysteresis Microrobot
compensator

[@1, Y117 Y

Ty

FIGURE 5.25: Diagram of the classical visual servoing and the feedforward control combined.

5.4.1 Experimental results

This section presents the experimental results which were obtained with the setup described
above, i.e., the closed loop control using feedforward compensation with vision-based feed-
back. Using the individual axis feedforward compensation of vibration and hysteresis of the
piezoelectric cantilever presented in previous section the microrobot is controlled to trade a
more complex spatial trajectory: a circle, a spiral and a Lissajous trajectory. Finally the hystere-
sis of the closed loop system is evaluated. To perform these experiences, the setup is the same as
the one described in Section 5.2.1: two cameras, a dSPACE card, a NI card, voltage amplifiers.
Notice that the values of the controller gains decreased to Kpx = 10, Kdx =3 and Kpy = 12
Kdy = 2.5 for the x-axis and y-axis respectively. This drop of the controllers gains values are
due to the static gains which are contributed by the feedforward compensators. The sampling
time was still limited by the cameras and kept to 10 Hz.
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5.4.2 Step response

A step reference signal of 10 mm of amplitude (point-to-point displacement) is sent to the sys-
tem, for the x-axis and for the y-axis independently. Then, the step response is captured thanks
to the vision-based system, as depicted in Figure 5.26 and in Figure 5.27 for the x-axis and for
the y-axis, respectively. Both figures do not show improvements relative to the control with-
out the feedforward controllers. This is because the measurement (cameras) strongly limits
the bandwidth of the system. In both figures the sampling time used by the cameras is of 0.1
seconds, i.e., 10 Hz of sampling frequency.

12 ............ ,,,,,,,,,,, ,x ,,,,,,,,,,, ,,,,,,,,,,, ...........

10F oo Mﬁm‘—m i ,,,,,,,,,,, s ;
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o
Q2
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1
X

_2 i i i i i i j

0 0.5 1 15 2 25 3 3.5

time(sec)

FIGURE 5.26: Step response along x-axis of the system controlled by visual servoing and feed-
forward techniques combined.
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FIGURE 5.27: Step response along y-axis of the system controlled by visual servoing and feed-
forward techniques combined.

5.4.2.1 Complex spatial trajectory tracking

The controlled microrobot is now tested with three complex spatial trajectories: i) a circle, ii) a
spiral iii) and a Lissajous curves. Each of them is described below.

Circle tracking

A coordinated and independent reference input signal is now sent to the controlled micro-
robot system. For this experience, each axis is supplied with a sinusoidal input signal. Their
equations are: xn = XCos(27ft) and yn = YCos(27ft), where X = ¥ = 10 mm is the radius
and f = 0.1 Hz is the frequency. The result is depicted in Figure 5.28a.

In that figure we can note that the trajectory has a relative good fit compared with the system
without feedforward compensator. Therefore, with the piezoelectric actuators free of hysteresis,
the whole controlled microrobot system shows an improvement in the tracking of the circle.

Spiral tracking

For this experience, each axis is supplied by a sinusoidal signal with a variable amplitude.
The amplitude is gradually increased from 5 mm to 10 mm. Thus, the trajectory generated is a
spiral, as depicted in Figure 5.28b. The time to generate that spiral is 15 seconds. Similarly to
the circle an improvement in the tracking of the spiral is evidenced thanks to the feedforward
controllers.
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Lissajous curve tracking

Finally, each axis is supplied by a sinusoidal signal with different frequency. The frequency
in the y-axis is twice the frequency of the signal supplied to the x-axis. Thus, the path generated
is a Lissajous figure, as depicted in Figure 5.5¢. The amplitude of each sinusoidal signal is 10
mm, while the frequencies are 0.24 Hz and 0.12 Hz in the y-axis and x-axis respectively which
corresponds to a ratio of % = 2. In the figure, again we can note an improvement in the low part
of the trajectory thanks to the feedforward compensation. Nevertheless a residual misfit still
remains in this figure which could be compensate using other appropriated control strategies as

for instance Hyy.

10
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Response

x-disp (mm)

(a) Tracking of a circle trajectory.
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(b) Tracking of a spiral trajectory.

Reference
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(c) Tracking of a Lissajous trajectory.

10

FIGURE 5.28: Complex trajectory tracking using visual servoing coupled with feedforward

compensation.

A synthesis and quantification of the improvements is evidenced thanks to Table 5.4.2.1. It
underlines that errors are in order of a millimeter for a screen placed at some 200 mm distance
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from the microrobot. This means that in the case of laryngeal operation, the errors should be in
order of 100 um which is the expected accuracy. Note also that using a faster camera should
improve the performances because fast dynamics will be rejected faster.

Visual servoing

Visual servoing

+

feedforward compensation

RMS (mm) | max (mm) | median (mm) | RMS (mm) | max (mm) | median (mm)
Circle 3.4241 5.6422 3.3142 1.3001 2.501 1.1769
Spiral 1.3129 3.310 1.3234 1.0788 3.0393 0.8506
Lisajjous 1.9115 4.5643 1.4023 0.5245 1.1423 0.4075

TABLE 5.1: Table of errors

5.4.2.2 Hysteresis analysis

The hysteresis of the microrobot system in closed loop with feedforward compensation is de-
picted in Figure 5.29a and in Figure 5.29b for x-axis and y-axis respectively. The frequency
used to generate the hysteresis cycle was 10 Hz and the amplitude was 10 mm. Those figures
show that the hysteresis loop is also compensated in the closed loop control when using the
feedforward compensation.
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(a) Hysteresis of the controlled microrobot system for the x-axis.
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(b) Hysteresis of the controlled microrobot system for the y-axis.

FIGURE 5.29: Hysteresis of the controlled microrobot using visual servoing coupled with feed-

forward compensation.
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5.5 Conclusion

This chapter presented the experimental results of the controlled microrobot. In the first section
a control scheme based on visual servoing was used to control the position of the laser spot onto
a screen. This is one of the rares cases of application of visual servoing to micro-PKMs. Then, in
the second section, a feedforward compensator is synthesized for each leg, in order to decrease
the hysteresis and badly damped oscillations effects that typify piezoelectric cantilever actuators.
This is probably one of the first applications of piezoelectric compensation in complex kinematic
structures. Finally, the third section presented the principal contribution of this chapter that
consisted in coupling the visual servoing with the feedforward compensation to control the
microrobot system.

The step response which was evaluated in the first and third section, could not be enhanced
due to the low working frequencies of the cameras. Thus, the improvements of the system per-
formance are not measurable with the current cameras. The test of complex tracking trajectories
have shown considerable improvements after using the feedforward compensator and coupling
that with the visual servoing.

However, although the robot allows high working frequencies (until about 200 Hz) the con-
trolled microrobot system can not work at high frequencies. Those low frequencies are due to
the fps using by cameras. For that, high speed cameras are expected to be used in a near future.
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Chapter

Conclusions and perspectives

This chapter gives the conclusions and perspectives of this thesis by reminding all
contributions that have been carried out and by presenting some potential applica-
tions as well as future works in the medium and long terms.

Chapter contents
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6.2 Perspectives . . . . . . . i it e e e e e e e e e e e 136

6.1 Conclusions

We have proposed the complete development, the kinematic analysis and the control of two
parallel microrobots with the objective to perform laser surgery of the vocal folds. The works
include the following stages:

a) abstraction of the specifications,
b) modeling,

¢) fabrication,

d) evaluation of the precision,

e) and control.

First, the abstraction of the medical specifications has been carried out taking into account
medical/biological constraints and permissions. As result a list of specification parameters have
been found which are listed below:

a) 2-DoF (rotations about x-axis and y-axis),
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b) minimal scanning platform angle of +12.5°,
c) space assigned within a cube of 10 x 10 x 10 mm?,
d) minimal bandwidth of 200 Hz,

e) and scanning resolution better than 100 um.

Then, the state-of-the-art of topics related to different domains involved in the design and
development of the microrobot was carried out. They included medical robotics, microdevices,
microfabrication techniques, actuators compatible with microfabrication, parallel structures and
laser technologies. Finally, our proposition based on the state-of-the-art and the specifications
of the project was outlined.

After that, a proposition of two concepts to obtain microrobots with large amplitudes and
high bandwidth was done. Thus, two kinematic structures were proposed. The microrobot
Micro Agile-Eye which is based on a conventional kinematic structure that was scaled-down
and the PiBot which is a new parallel kinematic mechanism. Their kinematic modeling was
developed and screw theory was used for that.

The SCM fabrication process was selected. In fact, it is probably the first time it is used
to fabricate microrobots with parallel structure. The materials used and the microfabrication
procedures were presented for that. Fabrication outcome were shown for the two proposed
microrobots. Then, by using interval analysis, the precision achieved with the structures were
evaluated, for that the exponential representation of a homogeneous transformation using inter-
val were used.

The last contribution of this thesis is the coupling of feedforward compensation of the non-
linearities and vibrations exhibited by the piezoelectric actuators with visual feedback of the
parallel kinematic mechanisms. Two main control schemes were proposed: i) a control scheme
for a parallel microrobot using visual servoing, ii) and a control scheme which combines clas-
sical visual servoing feedback with feedforward control of the nonlinearities and vibrations of
the actuators. For that, a full characterization, modeling and compensation procedure of these
phenomena was developed.

6.2 Perspectives

Indeed, this thesis opens a window for future studies on 3D parallel microrobotics. For that, this
research has covered several areas. The improvement of these first versions are expected. For
that, some areas must be treated in depth. They are:

a) the mechanical optimization of the designed structures,

b) the improvement of the fabrication techniques, in order to establish methods and
design new tools to do repeatable processes,

¢) the obtention of the microrobot dynamic model, in order to develop a dynamic con-
trol,
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d) the control of the nonlinearities, to avoid the remaining of nonlinear behaviors that
currently exist in the microrobot,

e) the development of an optimal dimensioning of piezoelectric cantilevers actuators in
order to calculate their optimal width and thickness.

On the other hand, as a robotic system these microrobots have the following perspectives:

a) in short term- there is a need to strengthen the basis and their fixation in the base, as
well as to perform better electrical connection that do not disturb the performances
of the actuators,

b) in medium term- the integration within the endoscope is a challenge that should be
carried out after reinforcing the structure,

¢) in long term- clinical application in cadavers first and then in vivo tent are to be
carried out.

From another point of view this microrobot is adaptable to other applications such as listed
below:

a) actuated micromirrors:

i) laser marking and etching,

ii) very fast laser steering,
iii) projector of images on a screen,
iv) vision by laser in robotics,

v) 3D scan.
b) in telecomunications:

1) variable optical attenuators,

ii) optical switch: optical fiber to optical fiber.
¢) others medical applications:

i) all the other minimally invasive endoscopic surgery (using laser),

ii) biopsy based optical scanning (optical coherence tomography).

Finally, we foresee that the results in this thesis can be transferred to the market. To do so,
the following stages are planned on the short term:

a) develop a more robust prototype,
b) file one or several patents and protect the software,
¢) contract out the market study,

d) hopefully, create a company.
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... and now, the real story will begin ...
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Appendix

Piezoelectric beams

A.1 Introduction

This appendix is based on [119, 13, 80, 143, 34] The proposed mechanical systems are based
on a platform moved by actuators. The actuators are piezoelectric cantilever actuators. Piezo-
electric cantilevers actuators have been chosen for this application because of their several ad-
vantages.

A.2 Piezoelectric materials

Piezoelectric effect is also found in natural as well as artificial materials. The word piezoelectric
is from the greek word piezen meaning pressure. The piezoelectricity is the foundation of the
transduction process upon which all piezoelectric actuators and sensors are based.

Two characteristic effects of piezoelectricity are:

Direct Piezoelectric Effect: internal generation of electrical charge resulting from an applied
mechanical force. This effect is mainly used for the development of sensor.

Inverse Piezoelectric Effect: internal generation of a mechanical strain resulting from an ap-
plied electrical field. This effect is mainly used for the development of actuators.

Among advantages of piezoelectric actuators are:

¢ sub-nanometer resolution,

* high bandwidth,

* large force generation,

* not affected by magnetic fields,

 extremely low steady state power consumption,
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¢ low rate of wear,

e vacuum and clean room compatibility,

There are two forms to use piezoelectric materials as actuators: cantilever structures and
stacks. Cantilever structures are advantageous because they yield larger displacements than
stacks. Piezoelectric cantilevers are usually made of ceramic materials as PZT (Pb[Zr,Ti;—_,]O3)
(Lead Zirconate Titanate). PZT materials are the most commercialized piezoelectric materials
in the industry. However, PZT based actuators also have disadvantage as highly nonlinear in-
put/output behavior. This disadvantage can be, nevertheless, alleviated with advanced with
advanced modeling and control techniques [34].

A.2.1 Modeling piezoelectric actuators
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FIGURE A.1: Interaction processes between the electrical, mechanical and thermal systems [80].

Figure A.1 depicts the interaction between extensive variables (interior triangle) with inten-
sives variables (exterior triangle). Though, in practice, thermo-mechanical and thermo-electric
effects are almost disregarded in materials commonly employed like PZT ceramic. Hence, the
variables involved in piezoelectricity are generally taken in an isothermal condition. Conse-
quently the governing equations express the interaction between the electrical and the mechan-
ical behavior of the material. This interaction has been approximated by static linear relations
between two electrical and mechanical variables as is shown in equations (A.1) and (A.2) [119].
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S sET +dE (A.1)
D = dT+¢€'E (A.2)

A.2.2 Piezoelectric cantilever actuators

A piezoelectric cantilever actuator works in bending, based on the traverse piezoelectric effect
and exploiting the bimetalic effect! to generate the deflection.

At least one of the layers that compose the piezoelectric cantilever actuator need to be active
layer or piezoelectric material. Piezoelectric cantilever actuators can be classified according to
the number of layers used and the number of piezoelectric layers. Usually the nomenclature to
designate them consist in citing first the total number of layers followed by the word “-layer”
and then the number of layers of active materials (piezoelectric) expressed as the corresponding
latin prefix (uni, bi, tri, etc) followed by the word “-morph”.

(A) (B) (o)

oo o 0
oo 0w 0

FIGURE A.2: Piezoelectric Structures: (A) two-layers unimorph, (B) two-layer bimorph, (C)
three-layer bimorph.

Different structures of piezoelectric cantilever actuators are depicted in figure A.2. Ac-
tive material is designed by ’a’, passive material is designed by ’p’, electrodes to excite the
piezoelectric material are denominated by "e’. Conductive adhesive layers can be considered as
passive if their thickness is large.

A two-layer bimorph structure (see Figure A.2 (B)) has been chosen to use within the mi-
crorobot system as actuator. Bimorph structure shows that the actuator has two independently
polarized piezoelectric layers (see Figure A.3 and Figure A.4). These piezoelectric layers must
be driven in an opposite manner to generate a bend. The electric field can cause dilation or
contractions on piezoelectric layers depending of the sens of the electric field and the polariza-
tion of the piezoelectric layer. Thus, the polarization of the active layers must be oriented to
generate antagonist displacements in according with the sens of the electric field. Hence, a bend
is generated while one active layer expands and the other active layer contracts.

Among the advantages of these kind of structure (see Figure A.2 (B)) with respect to uni-
morphs (see Figure A.2 (A)) is that the displacement deflection is increased and the blocking
force is enhanced. In addition the structure is less sensitive to temperature disturbance.

There are two possibles two-layers bimorph structures. In the first case, the two piezoelectric
layers have the same polarization direction, as shown in Figure A.3. This configuration is also
called parallel bimorph. In the second case, depicted in Figure A.4, the two piezoelectric layers
have opposite polarization directions. This configuration is called anti-parallel bimorph.

IEffect evidenced when different metals that expand differently are bonded one to one.
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A structure two-layers bimorph have two possibilities of join the layers respecting the po-
larization orientations of the piezoelectric material. Two piezoelectric materials with the same
polarization orientations is shown in figure A.3, this configuration is also called parallel bi-
morph. In figure A.4 also two piezoelectric materials with opposite polarization orientations is
shown, this configuration is called serial bimorph.

FIGURE A.3: A two-layers bimorph piezoelectric cantilever with parallel polarization.

FIGURE A.4: A two-layers bimorph piezoelectric cantilever with anti-parallel polarization.

Each of the two above configurations has some advantages over the other. Voltages in anti-
parallel configuration need to be twice the voltages in parallel configuration (V, = 2V7) to obtain
the same displacement (0; = &). We used therefore the parallel configuration.

The modeling of a piezoelectric bimorph cantilever in [13] and uses the following assump-
tions.

* The polarization is done only along the z-axis.
* The electric field is considered uniformly distributed along the z-axis.
* A perfect fixation or glue exists between the two piezoelectric layers.

 There is not exterior force applied.

The width and thickness are negligible compared with the length.
e The beam Euler-Bernoulli assumptions are take into account.

* The transverse stress is negligible (thin).
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A.2.2.1 Static model

Let h, and w be the thickness and width of each layer respectively. Applying the voltage U.

—wds1h
Mpiezo = p31 L (A.3)
S11
2wh§’7 (A4)
N 3s’17 | )

This leads to a deflection of the bi-morph cantilever described by the following equation
(from [13]):

2
—MpijezoX
= A.
o C U (A.5)
—3d31x2
5, = e U (A.6)

where x € [0,L], d3 is the transverse piezoelectric coefficient [119].

A.2.2.2 Dynamic properties

The m’* resonant frequencies:

 (kwL)*hy, 1
In="5m12 3pst (AT

with k,,L is defined in the table A.1 for each mode.

mode 1 2 3
koL | 1.8751 | 4.6941 | 7.8548

TABLE A.1: Solution for the characteristic equation of A.7
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Cette these présente la conception, la fabrication et la commande d’'un microrobot parallele a deux
degrés de liberté (rotations 6; et 8,) qui est dédié pour la microchirurgie laser des cordes vocales.
Ce travail a été développé dans le cadre du projet européen “Micro-Technologies and Systems for
Robot-Assisted Laser Phonomicrosurgery” intitulé uRALP.

D’une part, les aspects médicaux et biologiques ont permis d’extraire un cahier des charges pour
le microrobot. D’autre part, I'état de 'art a permis d’identifier et d’apporter une solution aux verrous
technologiques pour satisfaire toutes les requétes. Ce travail a proposé le développement de deux
microrobots indépendants avec des structures paralleles. Bien qu’ayant le méme objectif qui consiste
a guider deux faisceaux lasers de maniére precise vers les cordes vocales, chaque microrobot a
une structure cinématique différente. Un miroir placé sur la plateforme de chacun des microrobots
permet le guidage des faisceaux, en effectuant la réflexion et le changement de direction. La tech-
nique “Smart Composite Microstructures” a été utilisée pour microfabriquer les deux microrobots. En
outre, les mouvements ont été réalisés grace a I'utilisation d’actionneurs piézoélectriques. Enfin, la
précision attendue par la chirurgie des cordes vocales a été atteinte en associant la commande par
asservissement visuel et la pré-compensation des non linéarités et des oscillations mal amorties.

This thesis reports the design, fabrication and control of a parallel microrobot with two degrees of
freedom in rotation, that is destined to perform laser microsurgery on vocal folds. This work has been
developed in the frame and in the context of the European project Micro-Technologies and Systems
for Robot-Assisted Laser Phonomicrosurgery entitled uRALP.

On the one hand, needs and limits of medical aspects have been abstracted to create the microro-
bot specifications. On the other hand, the state-of-the-art has identified the technological stumbling
blocks and has allowed to led to our proposition to satisfy the specifications. This work has envisaged
the fabrication of two independent parallel microrobotic structures. Each proposed microrobot has
a different kinematic structure, however they have the same objective that is to guide a laser beam
onto the vocal folds. To this purpose, a mirror is placed on the end-effector of both microrobots in
order to reflect and guide the laser beam. Smart Composite Microstructures fabrication technique
was used to fabricate the two microrobots. Moreover, piezoelectric cantilever actuators have been
used to generate the required rotations. Finally, the expected precision for laser microsurgery of the
vocal folds was reached by coupling the feedforward compensation of nonlinearities and vibrations of
the actuators with visual feedback control of the parallel kinematic mechanism.
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