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Abstract

By definition, surgery is an invasive procedure because it requires the surgeon to make an
incision in the patient’s body to gain access to the surgical site. Minimally invasive surgery
(MIS) strives to reduce trauma and recovery time by minimising the size and number of
incisions. The use and the availability of appropriate tools play a major role in the success
of this objective. The devices currently in use are either straight and rigid, allowing a linear
trajectory, or flexible, allowing complex curved or multi-curved trajectories. The flexible
instruments used, such as flexible endoscopes, extend the scope of surgery and are particularly
useful in less accessible areas. They also allow the incision to be made as close to the area of
interest as possible.

In the same way that a snake continually adapts the shape of it’s body as it moves forward,
the shape of the instrument must evolve within the human body and therefore be fully con-
trollable. A serial robotic design based on the use of compliant mechanisms with monolithic
structures and shape-memory alloy actuators has proven to be an interesting way to built
such architecture. The use of compliant mechanisms has allowed the design of elementary
modules to meet the constraints of dimensioning and downscaling, where memory alloys are
suited for their small size and high energy density. The designed modules have three stable
states and are repeatable and mechanically robust. Their superposition allows high precision
discrete displacements without the need for sensors (open loop control).

In order to optimise the elementary modules a design of a new version of the flexible mecha-
nisms was carried out and an approach using electroactive polymers to replace shape memory
alloys was considered to minimise the assembly phase.

The complex geometry of the mechanisms and their monolithic nature make additive manu-
facturing, and in particular 3D printing, a suitable manufacturing process. This parsimonious
manufacturing process is part of an approach to manufacturing affordable and patient-specific
robots. A prototype has been designed to validate the proposed approach.






Résumé

Par définition, la chirurgie est une procédure invasive car elle nécessite que le chirurgien
fasse une incision dans le corps du patient pour accéder au site opératoire. La chirurgie
mini-invasive (MIS) s’efforce de réduire le traumatisme subi et le temps de convalescence en
minimisant la taille et le nombre d’incisions. La disponibilité et I'utilisation d’outils adaptés
jouent un role prépondérant dans la réussite de cet objectif. Les outils actuellement utilisés
sont soit des éléments rigides, permettant une trajectoire linéaire, soit des structures flexibles,
permettant le suivi de trajectoires complexes. Les instruments flexibles utilisés, tel que les
endoscopes flexibles, étendent la portée de la chirurgie et sont particulierement utiles dans
les zones moins accessibles. Ils permettent également de réaliser I'incision au plus prét de la
zone d’intérét.

La forme des instruments doit évoluer dans le corps et étre contrélable a la maniére d'un
serpent qui adapte continuellement la forme de son corps en avancant. Une conception robo-
tique sérielle fondée sur 'emploi de mécanismes compliants a structures monolithiques et
d’actionneurs en alliage a mémoire de forme s’est avérée étre un moyen intéressant d’y parve-
nir. L'utilisation de mécanismes compliants a permis de concevoir des modules élémentaires
pour répondre aux contraintes de dimensionnement et de réduction d’échelle. Les alliages
a mémoire de forme se distinguent par leur petite taille et leur haute densité énergétique
permettant I’actionnement des modules. Les modules congus présentent trois états stables
et sont extrémement répétables et mécaniquement robustes. Leur superposition permet de
générer un déplacement discret de haute précision sans avoir besoin de capteurs (controle en
boucle ouverte).

Afin d’optimiser les modules élémentaires, une nouvelle version du module a été réalisée et
une approche utilisant des polymeres électroactifs a été envisagée pour remplacer les alliages
a mémoire de forme afin de minimiser la phase d’assemblage.

La géométrie complexe des mécanismes et leur nature monolithique font de la fabrication
additive, et plus particulierement de I'impression 3D, un procédé de fabrication adapté a la
réalisation de notre robot. Cette approche de fabrication parcimonieuse s’inscrit dans une
démarche de fabrication de robots a faible cofit et spécifiques a I'anatomie de chaque patients.
Un prototype a été concu et analysé pour valider I’approche proposée.
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Introduction

At the end of the 1980s, the fiction described by Karel Capek and Issac Assimov in the 1920s
and 1940s started to emerge into the real world. The use of robots is no longer limited to
industrial applications such as production lines and are now part of environments where they
are in contact with humans, such as operating theatres.

The first surgical robots attempted to address the problems faced by the surgeon in performing
repetitive and precise tasks and in achieving telepresence. The first of these to be used on
human patients had to be pre-programmed to fixed, patient-specific, anatomical landmarks
and could not be used on dynamic surgical targets [119, 2]. Teleoperation and master-slave
systems appeared shortly afterwards and gave a new impetus through the Space Exploration
Initiative (SEI). The objective was to carry out medical operations in space from Earth. How-
ever, the marketing of automated systems did not begin until 1993 with the approval of the first
endoscopic manipulator by the U.S. Food and Drug Administration (FDA). Despite this, the
first generations of surgical robots were criticized due to their excessive cost and questioned
added value [146].

The robotic platforms that were subsequently developed were designed in collaboration with
surgeons. They have become more specific and better adapted to the constraints of the oper-
ating theatre. At the same time, the surgical practice has also evolved to become minimally
invasive, even described as scarless. The most representative example of this is laparoscopy,
for which there has been a rapid development of an adapted robotic platform. This surgical
procedure limits the size of the scars to the insertion of trocars allowing the passage of instru-
ments through the abdominal wall and the observation and intervention on the organs of
the abdominal or pelvic cavity. These constraints complicate the surgeon’s manipulation by
reducing accessibility to the operating site. Hence, the robot provides greater comfort and
dexterity.

A more recent alternative to laparoscopy is to perform surgery using natural orifices, i.e. Nat-
ural Orifice Transluminal Endoscopic Surgery (NOTES). With this approach, the incision is
made as close to the surgical site as possible, from inside the body, e.g. from the stomach.

In this case, the comfort for the patient implies considerable constraints in terms of engi-
neering. Indeed, access through the natural route involves moving through confined and
tortuous environments. Robotic architectures capable of performing such tasks are therefore
inspired by the robots initially developed for the maintenance of nuclear power plants or
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oil platforms. However, one constraint remains very challenging, namely downscaling. The
miniaturisation and assembly of structures embedding motors and sensors is complex and
tedious. Continuum robots, and in particular cable-driven robots, have therefore been widely
favoured because of their remote operation and very small footprint. However, the control of
these robots remains complex and energy consuming.

Our contribution consists in proposing an alternative architecture allowing to reduce the
assembly phase and whose mechanical robustness avoids complex control laws. The proposed
structure follows the concept of digital robotics and binary manipulators described in the
literature. More precisely, the proposed robot extends the principle of using bistable modules
to that of multistable modules and makes it possible to propose an innovative and original
serial architecture.

The module is based on flexible mechanisms that can be manufactured monolithically and are
characterised by good mechanical performance and the ability to be miniaturised as required.
The use of these mechanically robust modules allows for precise positioning of the end effec-
tor through open loop control, as the structure does not require sensors. Furthermore, this
structure only needs to be operated to change its configuration and not to maintain it, which
is more energy efficient than the approaches described in literature.

A discrete tree-like workspace with high redundancy is derived from the modelling of this
digital robot. As a result, the robot can perform "follow the leader" motion which is useful for
minimally invasive surgical procedures.

This manuscript is divided into 6 chapters. In Chapter 1, the context of the medical application
is presented, specifically minimally invasive surgery, and the main robotic approaches that
have been studied to assist the surgeon are presented. In particular, the case of continuum
robotics is discussed, with the strengths and limitations of each of the research axes high-
lighted. The positioning of this work and its contributions are then given.

Anatomical constraints specific to minimally invasive surgery of the upper gastrointestinal
tract are introduced in Chapter 2. Afterwards, the design choices that led to the proposed
robotic architecture are addressed.

Chapter 3 gathers the different phases of design of the elementary module allowing to design
the robot. The dimensioning was carried out according to the complex trajectory and man-
ufacturing constraints of the mechanism introduced in the previous chapter. A validation
of the behaviour of this module was carried out by a finite element analysis as well as an
experimental characterisation allowing to validate the coherence of the approach.

In Chapter 4, the core contribution of this research is addressed, namely the design and val-
idation of the new robotic architecture. The kinematics of this digital serial architecture is
detailed as well as an experimental characterization. The first steps of path planning are also
introduced.

Chapter 5 presents the approaches investigated in order to improve the operation of the
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module and therefore the robot. Firstly, an approach is described that increases the life span
of bistable mechanisms by reducing the problem of hyperstatism. Then, in a second part, the
feasibility of designing a module limiting the assembly phase by printing the actuators directly
in the structure is explored.

Chapter 6 proposes different perspectives to the work carried out, such as the embedding
of PCBs (Printed Circuit Boards) within the modules and the communication between the
modules.

Finally, a conclusion is given on these 3 years of PhD and on the proposed approach to the
design of a serial digital robot for applications in the context of minimally invasive surgery.






1] Challenges of a new companionship:
the medical robotics

Medical robotics
Benjamin Calmé

1.1 Decline of open surgery and keyhole surgery

In 1901, on the fringes of the first Nobel Prize ceremony, medicine witnessed the beginning
of what is now known as minimally invasive surgery (MIS) or keyhole surgery. A new kind
of operating procedure, that unlike open surgery, aims at reducing the size of incisions. The
basic operating concept of MIS is to insert the surgical instrument, e.g. endoscopic camera,
percutaneous needle, grasper, etc., into the patient’s body through an entry port, either natural
or created by a small incision. In that respect, the surgical procedure can be performed inside

5
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Figure 1.2 — Endoscopic surgery today. The surgeon in the front manipulates the handle of the endo-
scope with one hand and controls the insertion of the tool with the other hand. The assistant surgeon
holds only the tool actuator in his hand.

the patient’s body at the tip of the instrument. The first principles of these laparoscopic
surgeries and thoracoscopy were laid by Kelling and Jacobeaeus [127]. The latter was also
the first to define the constraints and limitations of such procedures, particularly related to
the risk of injuring organs when inserting the trocar. He will express the first need for the
development of specific tools and equipments to best perform this new type of surgery [104].

With the advent of MIS and the development of specific tools, the ideal of the barber-surgeon!,
whose greatness was proportional to the size of his scars, is disappearing. This change in
philosophy is accompanied by net post-operative benefits for the patient and by an increase
in the complexity of the operations for the surgeon [117, 206]. The technical gestures become
procedure-specific (multi-port or single-port surgery) and are accompanied by a loss of
traditional references and feedbacks. The tactile information taken during the palpation
of a tissue disappears and is done through the tool, handled from the outside. Despite an
extremely precise monitoring of the patient through numerous probes and imaging devices,
the surgery requires greater efforts of interpretation, as illustrated in Fig. 1.2.

In the following sections of this chapter, the challenges of MIS are discussed, as well as the

1A barber-surgeon was a medical practitioner in the Middle Ages who combined the roles of barber and surgeon.
They were responsible for performing a wide range of medical procedures, including bloodletting and wound
treatment, as well as cutting hair and shaving beards. The term "barber-surgeon" is no longer in use, as the two
professions have since become separate and specialized. Its use is now restricted to caricature the performance
of particularly invasive procedures. Ambroise Paré, recognised as the father of modern surgery, was a master
barber-surgeon.
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Figure 1.3 — The three main approaches to minimally invasive surgery. Extraluminal on the left,
endoluminal in the centre and transluminal on the right.

robotic solutions provided and their limitations, to finally position our contributions.

1.1.1 Minimally invasive surgery or the promise of scarless surgery

In medicine, any procedure that requires an infraction of the covering epithelia is considered
as invasive. In other words, this refers to any procedure that may affect the body by breaching
the skin or mucous membranes covering the lumen of hollow organs.

Minimally invasive surgery limits incisions to the strict material requirements (number and
size of tools). This approach makes it possible to reduce the risk for the patient, the trauma to
the body, the post-operative pain, and consequently the recovery time [201]. The literature
reports 3 approaches to MIS [210], also represented in Fig. 1.3:

* The extraluminal approach: the surgeon makes 3 to 4 incisions whose dimensions
correspond to the diameter of the trocars used in order to stabilise the entry points
of the instruments. The first incision is used to insert the endoscope and realise a
pneumoperitoneum (air insufflation in the peritoneal cavity) and the others are for the
insertion of the tools into the body cavity. This approach is mainly used for therapeutic
and exploratory purposes. More recently, a variant of this approach has been developed,
the single port surgery. This technique reduces the invasiveness by using a single incision,
typically made at the umbilicus, through which all the instruments are inserted. This
technique has a similar rate of success, patient safety, and recovery-time to laparoscopy.

* The endoluminal approach: this technique uses natural orifices to access hollow anatom-
ical structures such as the oesophagus or intestines. This approach is particularly used
by gastroenterologists in the context of digestive endoscopy. It allows visual explo-
ration of the different parts of the digestive tract, but also the performance of diagnostic
(polypectomies and biopsies) or therapeutic procedures (radio-frequency ablation in
the treatment of Barrett’s oesophagus)
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Figure 1.4 — (1.) Ilustration of the functioning principle of an endoscope: (1.A) The generation of an
angle at the control section causes a deformation of the flexible section, the detail of which is shown in
(1.B)[116]. (2.) Degrees of freedom of flexible endoscope for therapeutics [175].

¢ The transluminal approach: this approach involves accessing the peritoneal cavity,
through an incision in the lumen. This technique, also known as Natural Orifice Translu-
minal Endoscopic Surgery (NOTES), involves inserting instruments into the body from
the natural orifices and then making an incision in the intestinal barrier or stomach.
The feasibility was demonstrated in 2004 [109] and leaves the patient with no externally
visible scar, hence the name "no scar surgery".

The use of rigid endoscopes and rigid tools limits applications to operating areas close to the
insertion points and makes manipulation in a restricted area more complex. This constraint
has therefore led to an increased use of endoluminal and transluminal approaches despite the
challenge to reach the operating site. Indeed, access to the organ through natural openings
requires the deployment of a flexible tool that must be able to follow complex trajectories in a
narrow environment and whose integrity must be respected.

1.1.2 Autopsy of an endoscope and its limitations

The most commonly used device in MIS is a manual flexible endoscope, as illustrated in
Fig. 1.2, which allows the visualisation of the lumen of hollow organs and the exploration of
most segments of the gastrointestinal tract. The vast majority of them are based on similar
mechanical architectures, as shown in Fig. 1.4 and whose characteristics are given in Tab. 1.1.
This table highlights the strong similarity of the endoscopic devices regardless of the supplier.
However, there is a difference between gastroscopes and interventional endoscopes. The latter
have larger diameters to allow the passage of multiple and larger instruments. Their channels
tend to stiffen the structure and decrease its performance.

This architecture consists of three parts: a control section, a flexible tube, and a bending
section.
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Ref diameter length architecture DOF Actuator Deflection Control

Standard gastroscopes

STORZ Silver scope 9.3 1100 vertebrae 2 cables (manual) up/down 210°/100°, left/right 120°/120°

PENTAX Medical EG29 -i10 9.8 1050 vertebrae 2 cables (manual) up/down 210°/100°, left/right 120°/120°

Interventional endoscopes

OLYMPUS TJF TYPE Q180V 13.7 1240 vertebrae 2 cables (manual)  up/down 120°/90°, left/right 90°/110°

Table 1.1 — Comparison of the characteristics and performance of three selected endoscopes used in
the operating theatre (unit in mm).

* The flexible tube is the passive part of the endoscope. It is made up of different braided
metal layers that ensure robustness and are "used" by surgeons through certain postures
to transmit torque and forces to the tip of the endoscope. For safer interactions with
soft tissues, different layers of polymer cover this tube.

* The appearance of the control section may vary between suppliers, but most often it is a
handle from which the bending of the flexible part can be controlled by a set of wheels.
The majority of endoscopes have two control wheels that allow the flexible section to be
bent in two orthogonal planes.

» The flexible section consists of a succession of vertebrae, the morphology of which will
also depend on the supplier and model of endoscope. The cables that allow its actuation
are attached at the distal end of this section. By rotating one of the wheels of the control
section, tension is created in the cables. This causes the vertebrae to rotate and the
bending of the section on the side of the cable.

Most of the difficulties identified by gastroenterologists and endoscopic surgeons stem from
manipulating the endoscope. Operating the knob that controls the robot is not intuitive and
control is complicated by the fact that the configuration of the endoscope inside the patient’s
body is not known. Indeed, during insertion, the endoscope is in contact with tissues and the
shape vary between patients as they depend on anatomical constraints [191].

During procedures, the use of these endoscopes remains a challenge. The lack of triangulation?
due to the parallel positioning of the instruments, the lack of manoeuvrability of the flexible
section, and the difficulty in obtaining a stable view, make this instrument complex to handle
[156]. As a result, this procedure is only performed routinely by a small number of skilled
endoscopists [148]. In addition, endoscopes used for MIS, equipped with at least two standard

2Triangulation is a technique used in minimally invasive surgery, such as laparoscopic surgery or flexible
endoscopic surgery, to create a stable working area and improve visualization of the surgical field. It is achieved
by positioning the surgical instruments at different angles, creating a "triangle" of instruments. This allows the
surgeon to work from different angles and improves access to the target.
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instruments, have up to 8 Degrees-of-Freedom? (DOF). Several surgeons therefore have to
coordinate in order to perform precision procedures in a limited space around the control
handle. Due to these constraints, the development of numerous robotic structures has been
proposed to assist practitioners during MIS [53].

1.2 Robotics craze and how it redefines surgery

In developing robotic platforms, two objectives were pursued, namely assisting the deploy-
ment of the device and assisting the practitioner during the procedure. The first objective
covers the planning aspects as well as the effective deployment at the target site. Trajectories
through the natural tract are defined in advance using preoperative imaging, avoiding sensitive
tissue [126]. The second objective is automating the management of the large number of
degrees of freedom, simplifying tool positioning and orientation for the surgeon, and making
control more intuitive.

Teleoperated robotic platforms offer advanced mobility and control of instruments through
small incisions. However, these platforms still rely on the use of industrial robots, adapted to
meet the disinfection constraints of the operating theatre but not the footprint requirements
[206]. Moreover, these platforms use rigid instruments, the limitations of which we have
already indicated. It therefore seems interesting to focus on the development of a miniatur-
isable, compliant robotic structure that can evolve in confined and tortuous environments.
The robots must also provide a wide range of motion options and simplified control for the
practitioner. The design evolve from discrete architectures built with a series of rigid links
to mechanisms whose number of joints tends to infinity, from the hyper-redundancy to
continuum robotics, capable of continuous bending along their length, as shown in Fig. 1.5.

Among the different robotic architectures used in MIS, three main families can be distin-
guished on Fig. 1.5. Robotic manipulators, such as antropomorphic arms, are mostly used
as tool holders rather than as dedicated structures for the procedure. For this reason, they
will not be studied more specifically. However, the predominance of continuum robots can
be noted, which explains their detailed analysis in the next section. The hyper-redundant
approach will therefore be discussed in a second step for comparison.

1.2.1 Definition and classification of continuum robots

Continuum Robots (CR) can be characterised as actuated structures whose deformation takes
place along curves with continuous tangent vectors [22]. It can therefore be considered that
these robots have an infinite number of joints and degrees-of-freedom (DOF), giving them
the ability to change their shape at every point of their structure [60]. This property makes
them ideal for deployment in confined and variable environments where compliance and

3Degree—of—Freedorn (DOF) refers to the number of independent variables that determine the motion of a
system.
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Figure 1.5 — Categorisation of medical robots according to their kinematics. a. Redundant [66], b.
Hyper-redundant and discrete (OC Robotics), c. Hyper-redundant (continuum) [167] and d. Soft [38]

adaptability to external constraints are required [22]. However, the actuation of these types
of structures is a real challenge, since there is usually a law of proportionality between the
dexterity and the number of actuators required to achieve it. Actuator sizing is therefore a
key design issue, especially when size aspects are involved. As the volume of the structure
increases, the range of motion decreases [22].

At the same time, the emergence of soft robotics has made it possible to address the problem
of manipulating delicate structures. These robots, made of elastomeric materials, can be
considered as CRs due to their continuous deformation. However, the debate remains open
concerning the number of degrees of freedom. In fact, the soft robots are usually actuated by
pressurising a cavity, the deformation of which is described by some as a degree of freedom
[43] and by others as an infinite number of degrees of freedom [136]. In both case, compared
to rigid CRs, soft robots have desirable traits for MIS applications such as exhibiting safer
interactions with tissues. This characteristic comes from their ability to deform according
to external constraints without deforming the tissue during their actuation [177]. They are
therefore extremely compliant with their environment and able to follow complex, constantly
evolving trajectories. Soft robots have already shown potential for targeted drug delivery and
MIS procedures [48, 65], but they face various limitations, in terms of force transmission and
dimensions [176].

11
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1.2.2 Actuation of continuum manipulators
Extrinsic actuation

Extrinsic actuation characterise the use of solid elements to transmit forces and torques
distantly. Due to dexterity and sizing constraints in medical applications, mechanical con-
trol systems for continuous robots have differed from conventional designs. Among the
approaches adopted, a myriad of robot designs have been studied, of which two main ap-
proaches have emerged: concentric tubes [22] and cable-actuated robots [153, 167], as shown
in Fig. 1.6.

Concentric tube designs

As their name suggest concentric tube actuators correspond to a nesting of pre-curved tubes
inside one another, most often made from nitinol (NiTi). With relative rotation and translation,
varied sets of curvature are achievable with a further increase in workspace possible through
coupled motions [214]. Each tube is driven by a set of 2 motors, one for each degree-of-
freedom.

In its initial configuration, the forces and torques induced by the elastic interaction between
the tubes are distributed along a neutral fibre. This equilibrium state will be modified by
successive rotations and translations by means of linear and rotary actuators. Each tube is
connected to a pair of actuators. By coupling these movements, it is possible to obtain different
sets of curvatures modifying the position and orientation of the distal tip. The kinematic
performance of this type of robot depends on the number of tubes used, the precurvature of
the tubes, and their mechanical properties [52].

Although first used for needle-steering [214], they have since been considered for many
medical applications [69]. The reason lies in their ability to perform tortuous trajectories in

4n

very confined environments, with "follow-the-leader®" deployment, and the possibility of

miniaturisation due to the absence of a complex assembly part [70].

It should be noted that the curvature variations of this type of robot are linked to changes
in length. In addition, their ability to follow a specific planned trajectory is dependent on
the accurate precurvature of the tubes and an important optimization phase of the design
parameters [5, 126]. However one of the main limitations for medical applications lies in
what is commonly referred to as the snapping effect. This phenomenon is related to the
accumulation of elastic energy during motions, which can cause uncontrolled jumps between
two stable states when a storage limit value is exceeded [52]. The energy stored is proportional
to the length of the interaction and the precurvature of the tubes. A choice must be made
between the desired working space and the length to be deployed. This phenomenon of elastic
instability also leads to increased complexity in the control of the robot [52].

The second major limitation regarding MIS concerns the payload that can be carried by the
deployed concentric tube [40].

4Control strategy defined in Section 1.4.1
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Figure 1.6 — Extrinsic actuation method: 1. cable actuated robot [144], 2. Concentric tube robot
(adapted from [62, 63])

Cable actuation and backbone-based designs:

A widely adopted approach to design continuous robots is to use cable actuation, similar
to what is done with the endoscope described in Sec. 1.1.2. The design of the continuous
cable actuated robots is based on a central backbone to support the vertebrae and the trans-
mission elements. This column is made of polymers or NiTi rods and allows for continuous
deformation due to its elastic properties.

One to two pairs of antagonistic cables are used to obtain one or two bending planes and are
actuated using motors [148] or Shape Memory Alloy actuators (SMA) [182]. To obtain a larger
number of DOFs, it is possible to superimpose a number of independently operated bending
sections. Alternative designs for achieving extension/contraction use magnetic spacing discs
[150]. This approach is particularly interesting for follow-the-leader motions [5, 149].

As with the manual endoscope, the cables are routed along the backbone to a specific distal
anchor point. During tensioning, the cables transmit forces to the distal anchor point, gener-
ating bending-inducing torques.

For this actuation principle, a set of 3 equations is used to model the tension T'(¢) and the
elongation d(¢) as a function of the bending angle ¢ [212].

@L n
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where ¢ the curve angle, L is the total length of the tendon, y is the friction coefficient, { is the
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Figure 1.7 — Flexibility problem of an endoscope in MIS. In practice: the configuration taken by the
endoscope results from contact with the tissue. These contacts can be those linked to the insertion of the
endoscope and those generated by the operation of the tools. Desired situation: the endoscope moves
within the hollow organ without generating friction and is able to stabilise itself for the procedure.

direction index, T;, the input tension, p = 1/EA with E the Young modulus and A the cross
section area, and r the radius.

The coefficient of friction u, which is involved in the tension and elongation Eq. (1.2) and
Eq. (1.3), is particularly high in this application due to the presence of sheaths and the shape
of the robot during insertion. The internal friction associated with the loss of tension in
the cables during actuation results in a high level of hysteresis. In this model, the cable
is considered rigid; therefore, non-linearities due to the tension are ignored. However, in
order to be able to bend, over-tensioning of the cables must be avoided and the antagonistic
nature of the actuation automatically introduces mechanical play [47]. The tensioning of the
cables induces a deformation in the shape of the robot [130, 178], as shown in Fig. 1.7, which
greatly complicates its identification in real time. The mechanical play in the cables and the
unknown configuration of the flexible tube are responsible for considerable backlash during
bending [142]. The lack of knowledge of the robot configuration is an important limitation
in the establishment of the geometrical model due to the numerous flexible sections. For
the practitioner, these phenomena appear as a delay that complicates the fine and small
amplitude motions [159].

Moreover, the use of this type of elastic backbone column results in a restoring force that
counteracts deformation. When the actuating forces are removed, the spine will return to its
neutral configuration. During an operation, a configuration can be maintained for several
hours, thus requiring a high energy cost of actuation.

14
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Figure 1.8 — Intrinsic actuation method: 1. Pneumatic artificial muscles [211], 2. and 3. Fluidic
elastomer actuators in gelatin [188] or silicon.

Intrinsic actuation

Intrinsic actuators are nowadays mainly fluidic actuators while assembly and sterilisation of
micromotors are major obstacles to their use in hyper-redundant structures [120]. Fluidic
actuators are a hot research topic due to the soft-robotics increasing interest and their use
in these structures. Their operating principle is based on the extraction and injection of a
fluid in order to produce inflation or pressurisation of fluidic channels, as shown in the right
picture of Fig. 1.8. For the medical field, the fluids used are restricted to air and water. These
constraints are related to both their availability in the operating theatre and, above all, to the
safety of the patient. The hydraulic or pneumatic nature of the actuation greatly influences the
performance of the actuator. The control of the actuator is easier with water than air as it is
considered incompressible. Conversely, air is more suitable for miniaturisation due to its lower
viscosity and weight. This last point is particularly important because of the "scepticism"
that exists within a part of the research community, notably with regard to the size of the
devices [183]. Even if certain devices have proved to be miniaturisable, notably thanks to
the tip extending robots, their use still poses a number of problems, such as their folding
after deployment [13]. Depending on the design, fluidic actuators allow bending, twisting
and expansion/contraction. Two specific designs used are artificial muscles and elastomer
actuators.

¢ Artificial muscles: Pneumatic Artificial Muscles (PAM) consist of an air chamber sur-
rounded by a flexible double-helix braided sleeve. When the chamber is pressurised
and expands, the mesh geometry allows the radial expansion to be converted into linear
motion. Although linear motions of the order of ~40% are obtained with some mate-
rials, average performance is generally in the order of 25%. These actuators have the
advantage of being lightweight, easy to manufacture, and self-limiting with a maximum
contraction amplitude [50]. However, these actuators have some disadvantages such as
failure due to friction between the mesh and the inner tube or fatigue of the inner tube
due to the required deformation. In addition, there are problems of controllability at
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Figure 1.9 — Demonstrators exploiting the different actuation principles mentioned: 1. Cable actuated
Robot (STRASS) [144] 2. Concentric tube robot [140] 3. Fluidic elastomer actuator (STIFF-FLOP) [38] 4.
Multi-backbone [140]

low pressure [219].

¢ Fluidic Flastomer Actuators: FEA are elastomeric structures with embedded channels
which, when pressurised, cause bending or expansion [177, 136]. The nature of the strain
may be related to the material’s topology or to a layering comprising an arrangement
of extensible and non-extensible layers [40, 183]. These actuators have the advantage
that they can be designed to meet various strain requirements, such as cylindrical tubes,
eccentric tubes [155], pneumatic networks [145]. These deformations are however highly
non-linear and therefore difficult to model and control. Because of their completely soft
body, they require lower actuation pressures than artificial muscles [135]. The maximum
force they can exert is however lower.

In the context of MIS applications, robots must be able to deform in multiple directions to
reach the operation site [68, 176]. In the case of continuum soft robots, this requires a modular
structure [39]. However, this type of architecture requires a large number of supply lines,
especially if each line is specific to a single actuator. This aspect leads to two main problems
when miniaturising [103]. The first is the minimal space requirement related to the number of
lines and actuators. The second is that the smaller the diameter of a line, and the longer the
line, the greater the pressure to be supplied.

In addition, the manufacturing technologies are still in an experimental state and need to
be improved (subsection 1.15) [176]. The final risk addressed is that of material rupture and
safety [15]. If we disregard the risk related to pressurisation, there is still the risk of damaging
the structure during the operation due to the use of a surgical blade and a cutting/cauterise
electrical tool.
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Ref Application Architecture Actuation DOF Diameter Length Bending radius Max force Control
CR - Extrinsic actuation
MIS
[139] CTR Manual 2 9.5 90 - - CL
(single port)
MIS Hybrid
[140] Continuous RS motors 2 9 83 - - CL
(single port) (CTR - push/pull)
MIS
[190] Backbone push-pull actuation 20 4.2 35 35mm (min) - CL
(throat)
MIS
[44] Backbone 50 tendons 105 12 300 +15° per DOF - CL
(Cardiac)
[158] MIS vertebrae Cable-driven 2 16 150 - 5.2 CL
rotation: +145 225
[42] MIS vertebrae Cable-driven 3 18 57 CL
translation: 10mm 133
[26] MIS vertebrae Cable-driven 3 20 - - - CL
1] MIS vertebrae Cable-driven 2 16 90 - 3 CL
[184] MIS vertebrae SMA wire 3 13 - - - CL
SMA wire 2 50mm / 9 per DOF
[182] Gastroscopy vertebrae - 80 - CL
SMA spring - 11.5 per DOF
[5] - backbone tendon - neodymium magnets 3 7 165 - - OL
CR - Intrinsic actuation
[3] Fetal surgery PAM Pneumatic 2 4 - 90 - CL
(57] MIS FEA pneumatic 1 25 165 248 - CL
[166] MIS FEA pneumatic - 32 135 132 7.9 CL
[134]  Colonoscopy FEA hydraulic 5 18 - 130 2 CL
[43]  Brachytherapy FEA pneumatic 2 6 90 180° 20-80 mN CL
120° (x1%) 24.6 N (x1%),41.4 N (x2%)
[38] MIS FEA + ganular jamming pneumatic 6 35 100 CL
80° (x2%) 47.1 N (x3%)
[25]) Gastroscopy FEA hydraulic 3 12 60 94° 0.1IN CL

Table 1.2 — Comparison of properties and characteristics of continuum robots based in the literature
review (*actuators number). DOFs include only those of the endoscope without the addition of tools.
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1.3 Current limitations of continuum robots

Mechanical and fluidic actuation approaches have enabled the development of a variety of
continuum robot designs as shown in Fig. 1.9. Despite the relevance of some approaches to
medical applications, they still have major limitations to overcome. They pay the price of
compromises in terms of stiffness, footprint and steerable DOF as it is presented in Tab. 1.2
from literature review.

The more dexterity a robot needs, the more DOFs it requires, the larger its diameter becomes.
Indeed, in order to control a large number of degrees of freedom, this type of architecture
requires the design of a larger number of fluidic channels or cable routes.

Because of their deployment in contact with soft tissue, this type of robot must strike a
balance between stiffness and compliance. In the case of mechanical architectures, stiffness
dominates compliance. Regarding risk analysis, this leads to safety problems when operating
and interacting with tissues. Therefore, complex control strategies have to be used.

Conversely, soft architectures are, by their flexible nature, compliant. Their lack of rigidity
leads to a risk of failure and a reduction in the forces that can be transmitted. The problem of
failure during pressurisation is one that still needs to be addressed in order to be effective and
safe. On the other hand, the transmittable forces are directly related to the pressure exerted.
However, these operating pressures are often still far too high to be considered.

Although the above-mentioned points are obstacles to the use of this type of architecture, it
is mainly the challenges of modelling, manufacturing and controlling that are currently the
limiting factors.

1.3.1 Modeling of continuum robots

The mechanical properties of rigid link manipulators have been known for a long time and
their modelling is widely described in the literature [111, 189]. Conversely, the modelling and
control aspects of continuum robots are not the subject of consensus and are the topic of
many debates [174, 167].

This lack of standardised approaches is due to the great diversity of architectures that have
been presented previously. The existence of a large number of different actuators also makes
the development of possible unifying and more generalised approaches to modelling and
control more complex. This lack of a general approach makes the understanding and imple-
mentation of these robots less straightforward. Moreover, the mechanical behaviour of these
robots is far from trivial as it often appears to be closer to material science.

Low stiffness is one of the main functional advantages of continuum robots over traditional
robotic architectures. The counterpart of this low stiffness is the complexity of modelling.

Kinematics and differential kinematics modelling is difficult to apply with continuum robots
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Figure 1.10 — Schematic representation of the classical modelling approaches of continuum robots
: (a) Variable curvature, a transformation derivative integrated along the robot length, (b) Constant
curvature, arc segment to segment transformations, and (c) Pseudo-rigid body, rigid link to link
transformations. f(s) and 7(s) represent the forces and torques along the robot respectively. (Adapted
from [167, 40])

due to the lack of rigid coupling links between the elements. The lack of stiffness also makes
the dynamic modelling more complex.

The case of concentric tube robots is somewhat different, since it is possible to describe the
dynamic behaviour of this type of robot as the outcome of the balance of an external wrench
(f1)T, which represent the force and torque vectors as a function of the robot length, and the
internal forces (friction, damping and elasticity), as illustrated in Fig. 1.10.

As a result of this force balance, the continuum manipulator would shape itself to a minimal
energy configuration. The robot can be positioned in this equilibrium point. It is then possible
to design controllers based on static [173] and dynamic models [59]. For the other cases of
architecture it will be necessary to choose between classical modelling methods [167](such as
Cosserat rod theory [20], constant curvature [213], rigid link models [169]).

Most common modelling approaches

The choice of the modelling method for a continuum robot depends on the assumptions the
designer makes.

* The Cosserat rod theory, presented in Fig. 1.10.a, aims to completely solve the static equi-
librium of the manipulator with a minimum of (simplifying) assumptions [173]. Indeed,
the only limitation of this model lies on the description of the non-linear behaviour
of structure made of hyperelastic material. In fact the deformation of such structure,
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especially at the cross-section, does not respect the assumptions considered by Cosserat
model. The latter presumes that the cross-section remains plane, which is not the case
of hyperelastic structures. In other words, the set of directing vectors associated to and
describing the deformation of each cross-section becomes insufficient.

* Constant curvature modelling is based on the assumption that the shape of the robot
follows the arc of one or more circles [213], as illustrated in Fig. 1.10.b.

e The rigid link assumption is the simplest modelling approach, as it consists in subdi-
viding the robot into a succession of (infinitesimal) rigid links and can therefore be
compared to traditional approaches [169], as shown in Fig. 1.10.c.

These approaches have been ranked in order of increasing assumption. This order will now be
maintained in order to describe the different approaches in more details and to highlight their
advantages and disadvantages.

The Cosserat rod theory

The Cosserat rod theory is certainly the most accurate approach to establish the static model
of a continuous robot because it limits these assumptions to internal variations due to the
material’s own deformations [20].

In this approach, each point on the neutral fibre of the robot is parametrised along its arc
length s € [0, [] by locally defined frames, as illustrated in Fig. 1.10. The position is described by
the vector p(s) € R3 indicating the origin of the local frame with respect to the base. In the same
way, the orientation is represented by a rotation matrix R(s) € SO(3). Thus, a homogeneous
transformation matrix, 7'(s) € SE(3), can be used to describe the pose of the local frame:

T(s)= (1.4)

0 1

R(s) p(s)]

The linear velocity of the rigid body and the rotation of the attached frame R(s) are represented
by the strain variables v(s) € R3 and u(s) € R3 respectively. These variables compose the twist
vector J which represents the variation rate of T'(s) with respect to s. If 9~ and T'(0) are known,
the deformed shape of the robot is then defined differentially by

T(s)=T()T (s) (1.5)
Or equivalently used to represent the robot parameters:

R(s) = R(s)ii(s) (1.6)

p(s)=R(s)v(s) (1.7)
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The tilde operator depicts the mapping from R3 to SO(3)°. In most cases, these equations are
solved by employing numerical integration as the twist vector is not constant with respect to s.

The robot is modelled using constitutive laws such that it undergoes linear elastic deformation
and the stresses are linearly proportional to the strain. This model is based on the assumption
that the robot is inextensible. By setting v*(s) and u* (s) as the strains in the reference position,
itis then possible to describe the force and internal moment vectors [173], respectively n and
m as:

n(s) = (v(s) - v*(s))Ksg (1.8)

m(s) = (u(s) — u*()Kpr (1.9

where K is the stiffness matrix for shear and extension and Kp7 is the stiffness matrix for

bending and torsion.
GA(s) 0 0

Kse=| 0 GA(©) 0 (1.10)
0 0 GJ
Eli(s) 0 0
Kgr=| 0  ELys) 0 (1.11)
0 0 GJ

where G is the shear modulus, A is the cross section area, J is the polar second moment of
cross section area, E is the Young modulus and I, and Iy are the second area moments.

In the case of static equilibrium, the forces and internal moment can be expressed by taking
into account the distributed forces f(s) and the applied moment 7 [174]

ns)+ f(s)=0
m(s)+ p(s)n(s)+7(s)=0 (1.12)

However, despite the accuracy of the solution obtained for a static model, its extension to
dynamics is not trivial [174]. Indeed, due to the need to solve a complex system of partial
differential equations, the solution can only be calculated numerically. The time and computa-
tional cost make it difficult to be viable with real-time control approaches. This is exacerbated
by the lack of a sensor to close the control loop.

Ux

Uy 0 —Uz Uy Uy

u ; R 7 u 0 ~ux v
SFor 7 = | "#| e R3 the skew symmetric matrixis J~ = [ =|"° *roy

Ux 0 0 —Uy Uy 0 Uz

vy o 0 0 0

Uz
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(Piece-wise) Constant curvature model

The assumption made with constant curvature models is that the deflection of continuum
robots can be represent by a set of circular arcs. This constitutes a significant simplification
as the path of the robot can de described according to the radius of curvature x and ¢ the
angle its bending plane makes with a reference axis. The coordinates in the task space can
be obtained from the arc parameters by various formulations such as arc geometry, Frenet-
Serret frames, Denavit-Hartenberg (D-H) parameters or exponential coordinates [213]. These
representations are equivalent as they yield the same mapping between configuration and task
space. The method, which use the geometry of the arc to obtain the resulting homogeneous
transformation matrix, is detailed below. The position of any point on the arc, relative to the
arc base at a distance s is given by

CO:P(I —cos(xs))
X(s) = %’b(l—cos(m)) (1.13)
—sin(xs)
K

In an other way, according to [190], using the curvature components along x and y axis of the
local frame, the curvature and bending angle can be represented as

K =1/K5+%5 (1.14)

¢= atanZ(Ky,Kx) (1.15)

The coordinate frame of any point on the arc, expressed with respect to the frame attached to
the base of the section can be obtained by two consecutive rotations about the z and y axis.

T(s) = R (P)Ry (k)R (=)  p(s) (1.16)
0 1
with
cos(¢p) —sing O cos(ks) 0 sinks
R, (p)=| sin¢p cos¢p O, Ry(xs)= 0 1 0 (1.17)
0 0 1 —sinks 0 cosks

This simplification drastically reduces the needed variable number and leads to possible
analytical solutions for kinematics, statics and dynamics models.

For robot modelling using constant curvature, it is assumed that effects of shear and twist are
negligible and Euler Bernoulli beam theory can be used. The bending moment is assumed to
be proportional to the beam curvature and expressed as a one dimensional equation using
Hooke’s law:

m=xEI (1.18)
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This equation can be extended in order to take into account the twist € about z axis while «; is
the curvature of the i subsegment [180].

El 0 0 0
mi=Ry(@R,@,)| 0 EI, 0 ||« (1.19)
0 0 Gjia|le

The force and moment acting on the distal segment of the robot is written as follows [223]

m
Faist = Y_ Fraist + foxt (1.20)
k=1
m —_—
Maist = Y Miaist + Oaist—1OaistFaist (1.21)
k=1

where k represents one actuator, e.g. an actuation cable following the continuous path and Fy
the force it will apply. O is the center of the cross section. The force and moment acting on the
following subsegments are obtained by the recursive equation [223]

m
Fj=) Fyj+Fjn (1.22)
=1
m —_—
Mj= ZMk,j+Oj—loij+Mj+1 (1.23)
=1

However, as the robot is modelled as a series of arcs, one of the drawbacks results from the
assumption of constant curvature which is not respected, which lead to a deviation from the
real robot’s behaviour. Even if some extension to polynomial curvature have been proposed,
further analysis are still needed. Moreover, this assumption is not valid when the robot is
subject to non-negligible external loads.

Rigid-link model

This approach is based on the assumption that a continuum robot can be divided into a series
of small segments which have the same behaviour as rigid links. This is the most significant
modelling assumption.

The length of each link i = 0,1, 2,3 is defined with respect to the length of the sub-segment
using a factor y;. Each sub-segment, is assumed to bend in a plane rotated by an angle ¢.
Assuming for this example that the local frame is constructed such that the local z-axis is
tangent to the backbone, the transformation matrix from the end of a link i to its base in the
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bending plane is given by

COS(@jyi) 0 sin(Hj,i) Yilj sin(Hj,i)
. 1 0 0
Tj,i= . (1.24)
—sin(@;;) 0 cos(@;;) vyiljcos;;)
0 0 0 1

Then, the transformation matrix from the base of the next subsegment to the current one is
given by
j+1
T/ = TN Tj0Tjn Tj2 Tja T (~¢)) (1.25)

As introduced, the robot is approximated by rigid links connected by torsion springs [196]. In
each spring, s =1, .., n, the bending component of the moment is proportional to the angle 6
such as:

Mj,s-Yj = ksgj,s (1.26)

ks = Ky, — (1.27)
where y and Ky, are optimized characteristic parameters [31].

From these equations it is possible to find a static model close to the one defined with the con-
stant curvature [167], but this time the gap between this model and reality is also proportional
to the refinement of the discretisation. The use of few segments will lead to a model far from
the real behaviour. Conversely the more the segments and the variables used, the closer the
model will be to the real behaviour. This approach also has many problems when modelling a
3D manipulator [95]. However, it is useful in a prototyping phase, when one wishes to obtain
preliminary results. It has the advantage of using the well-established control methods of rigid
body manipulators. It is possible to partially compensate for the assumptions made by using
sensors and quantifying the deformation of the robot. A balance can then be found between
the complexity of the model, i.e. the number of segments needed, and the number of sensors
to find an optimal approach.

In addition to these analytical approaches, numerical approaches have been studied (SOFA).
Finite Element analysis can provide accurate deformable models for soft-robots. However,
these models are very difficult to use in a real-time control system [14, 115, 51].

1.3.2 Continuum robots control strategies

Once the design and modelling have been addressed, a fundamental issue is the control of this
new robotic architecture. However, according to the literature, this aspect is certainly the least
addressed in the field of continuum robotics. It can be assumed that this is a consequence of
the complexity of the implementation of the models or a tendency towards a more mechanical
design. In addition, the absence of sensors or their difficulty in being assembled into the
structure limits the possibilities of obtaining feedback and thus the implementation of closed-
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Figure 1.11 — Concept of dual-arm concentric tube continuum robots and its control block-diagram.
Gray box represents the primary task, pink is the secondary task, green is the robot’s kinematic model,
blue stands for exteroceptive sensing. A: robot A, AB: dual-arm robot, d: desired, r: resultant, s: sensors,
c: current, e: end-effector, A: control gain and X: pose. [34].

loop control. Although there are some approaches based on a combined feedforward/feedback
control, most of the time, the control is done in open loop. However, this type of control is
based on model inversion and therefore refers to the problem discussed in the previous
section.

In order to illustrate this, the three main control strategies will be described in more details,
namely: kinematic and differential kinematic control, the use of wrench-based controllers,
and adaptive and reinforcement learning control.

Approaches based on kinematic models

The establishment of a kinematic control scheme is based on the use of inverse kinematics or
inverse differential kinematics, assuming that the direct kinematic model is known. In general,
the use of inverse kinematics to control a robot manipulator is the most common approach.
However, continuum robotics is an extreme case of hyper-redundancy and therefore the use
of inverse kinematics is less efficient [19]. Indeed, the kinematics of a redundant manipulator
robot is not bijective and there are an infinite number of solutions to the inverse kinematics
model.

On the other hand, differential kinematics lends itself rather well to the redundant robot
because it allows multi-task control [133, 34], as presented in Fig. 1.11. However, given the
approximations made in the modelling, the presumption that the differential kinematics are
known remains a strong assumption and accuracy may be particularly affected.

Wrench-based control strategies

In contrast to previous methods that use kinematic models, these approaches are based on
static [71] and dynamic models [58]. Assuming that for a continuum robot, actuation can be
related to the interaction between the compliant nature of the structure and the actuating
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Figure 1.12 — Compliant motion controller. The compensation term A enters a Moving Average Filter
(MAF) prior to entering the feedback loop. The feedback signal is filtered through a dead-band to
minimize chattering [71].

wrenches, it is possible to address the control aspect through this wrench.

To this end, various studies have been conducted on the stiffness/compliance ratio [71] and
force control [9] of continuous robots. This aspect is essential in medical applications [216].
However, the measurement of the force that this type of robot can exert is not obvious in the
absence of sensors. Furthermore, due to material non-linearities, self-sensing aspects are still
at a preliminary stage. The same applies to force estimation methods based on deterministic
approaches [216].

The two previous approaches are model-based. However, due to the mechanical complexity of
the continuum robot and the difficulty to obtain an accurate characterisation, control errors
arise. This explains the use of adaptive or reinforcement methods which are discussed in the
next subsection.

Adaptive control and reinforcement learning approaches

In order to compensate for the unknowns in the kinematic models, it is possible to use
approximation methods based on data gathering. Two types of methods are most often used:
- Mechanical adaptive methods whose aim is to compensate for the approximations of the
mathematical model by real-time adaptation.

- Data-driven modelling approaches or learning-based methods.

Mechanical adaptation approach This approach is used in the case where modelling uncer-
tainties can be balanced by a feedback loop. The estimation of the mechanical parameters
is performed online, the robot pose is treated as a Fourier series expansion and updating of
the parameters is performed using a recursive least squares method [112]. A variant of this
approach is based on the use of locally weighted projection regression, the approximation
of the robot model by means of a set of linear models, and an adaptation done by means of
stochastic gradient descent [56].
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Figure 1.13 — Flowchart of the Kalman-filter-based control scheme used to estimate the Jacobian of the
continuum robot [124].

More recently, an approach exploiting the adaptive observer of a Kalman filter has been used
to estimate the Jacobian matrix of the robot [124] as shown in Fig. 1.13. The results are however
preliminary, as the simplicity of the state evolution model used does not take into account the
mathematical properties of the Jacobian matrix.

Data-driven modelling approaches Machine learning-based control approaches have at-
tracted increasing interest in recent years. The strength of these methods lies in the possibility
of getting rid of complex and approximate analytical models. The first mentions of this type of
approach were made by Thuruthel et al. [202] and Xu et al. [218] as shown in Fig. 1.14. The
former describes a formulation for learning the inverse kinematics of a continuum robot by
integrating end-effector feedback. The latter uses a combination of three regression methods
(K-nearest neighbour regression, extreme machine learning and Gaussian mixture regression)
to learn a non-linear mapping from the 3D positional states of the robot to the control inputs.

One of the inherent limitations of these methods is that they do not take into account the
real mechanical interactions. This lack of physical meaning and understanding can lead to
potentially undetected inaccuracies. This factor is unacceptable in the industrial field and
even more so in the medical field.

1.3.3 Manufacturing process

The manufacturing of traditional mechanical robots has reached the stage of industrial pro-
duction and their process are well mastered, whether they are subtractive manufacturing
techniques (milling, electrical discharge machining, etc.) or additive manufacturing. However,
the fabrication of fluidic actuators is newer and a less explored area of research.
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Figure 1.14 — Overview of a machine learning-based closed-loop kinematic controller for a continuum
manipulator [202].

Soft lithography (lamination casting) is a frequently used process that involves accurately
reproducing the features of a model by pouring a liquid polymer into a mould [135]. Once
cured, the polymer can be removed from the mould. Closed chambers can be produced by
assembly using an uncured elastomer as a binder [135]. The short life of the materials used
limits this method to prototyping purposes. The quality of the mould and the minimum size
of the components determine the resolution.

As is often the case, there are approaches that can be used to produce a higher resolution
model, such as photolithography, but the production costs and time are high. Conversely, low-
cost mould making can, for example, be achieved using additive manufacturing techniques.
This method allows low costs to be kept to a reasonable time frame. The major limitation is
the consequent decrease in resolution compared to other methods. A balance must also be
struck between creativity and limited achievable complexity.

Recently, 3D printers have been developed for direct printing of silicone elastomers [221, 192],
as shown in Fig. 1.15. The first results are promising, but the prototypes require higher
actuation pressures than their moulded counterparts for identical dimensions. In addition,
this approach imposes significant design constraints and face fabrication variability and
repeatability limitations.

1.3.4 Discussion on the use of continuum robots

Through the different previous paragraphs, the strengths of continuum robots in the context
of MIS have been identified. Continuum robots in minimally invasive surgery have several
advantages, such as their small diameter, high flexibility, and ability to reach deep and confined
spaces within the body. These characteristics make them well suited for procedures such as
MIS, where access is limited.

However, continuum robots also have certain limitations, particularly in terms of modelling
and control, as well as manufacturing. In the case of soft-robotics, the use of elastomers
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Figure 1.15 — Compliant cable actuated device [83] and pneumatic actuator [221] made by 3D printing.

characterised by highly non-linear behaviour makes the development of accurate models
complex. Furthermore, due to their fluidic actuation and flexible behaviour, their operation in
dynamic environments and when interacting with tissues makes it difficult to predict their
deformation and therefore their control. More generally, the principle of actuating continuum
robots is a source of non-linearity, as was illustrated with friction in cable drives.

These continuum robot control issues therefore require complex laws to be driven, which
limits the precise and delicate tissue manipulation required in surgery.

Furthermore, they are complex and expensive to manufacture, which can make them less
accessible to some medical facilities. In the case of soft robots, the manufacturing process is
still in a developing stage and needs more testing and validation.

In practice, patients often recall the pain associated with the friction between the device and
the tissue when the device is removed. This is due to the fact that the device is removed by the
surgeon without regard to the configuration of the device in the body. However, continuum
robots, known to be tissue-compliant, especially soft robots, are always in contact with the
tissue and the problem of friction persists during insertion and removal. In order to address
this need, hyper-redundant robotic architectures and control strategies such as follow-the-
leader seem particularly suitable. Because of this hyper-redundancy, they are mechanically
robust and ensuring that the procedure is carried out despite a dysfunction.

Furthermore, although one of the major limitations of hyperredundant robots is related to the
complexity of solving the inverse model due to the large number of joints, it has recently been
shown that they can be simplified by means of what are described as binary manipulators, or
more generally digital robots. The simplification of control strategies also relies on the fact
that these robots can be used without sensors.
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Figure 1.16 — Follow the leader deployment strategy (FTL). Illustration of the video game Nibbler (1980)
in which a snake moves through a maze using the FTL method (left) a shape-shifting mechanisms able
to performe FTL motion (right) [84].

1.4 Towards a snake-like robot based on multistable modules

1.4.1 Hyper-Redundancy and snake-like robot in Medicine

Hyper-redundant robots have a mechanical structure that can exhibit kinematic redundancy,
with a very high number of passive joints in relation to the actuated degrees of freedom, or
actuation redundancy in case the number of available actuators is higher than the number of
actuators required to carry out the task without any risk of failure [35].

Hyper-redundant robots have been considered in minimally invasive procedures because of
their wide range of mobility and their ability to deploy in tortuous pathways while maintaining
the ability to position and orient tools. In addition, their passive mobilities allow them to
deform on contact with their environment and thus adapt to the geometry of the organ rather
than damage it.

The design of hyper-redundant structure consists in considering rigid members connected
to each other by mechanical links of the same kinematic nature. Contrary to the previously
introduced continuum robot, the number of degrees of freedom of these structures is finite
and depends on the number of elements used. The latter can be relatively high [114, 44].

The architecture of these robots is similar to that of the widely described serial manipulators.
The difference is that by using links of equivalent kinematic nature, they drive the same degrees
of freedom of the structure in terms of positioning the end effector.

Snake like robots are known for their use in constrained environments such as nuclear plants
[85], but in medical applications, when inserting the robot into the body the control strategy
must be adapted to conform to anatomical constraints [120].
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For this purpose, a particularly interesting approach is the so-called "Follow-the-Leader®"
deployments where the shape of the robot corresponds to the trajectory taken by the distal
module during deployment, as illustrated in Fig. 1.16. It is thus possible to deploy it in the
channels while limiting the risks of friction with the walls and thus respecting their integrity.
This is all the more true when the device is removed. However, due to the miniaturisation con-
straints inherent to their use, the snake-like robots are not able to be deployed in the channels.
Nonetheless, snake-like robots are often bulky on a macroscopic scale. The transition to the
mesoscopic scale is generally made by scaling down the traditional components used in an-
thropomorphic or in cable robots. The miniaturisation of motors and their complex assembly
are challenging. Cable driven robots, although having the particular advantages of allowing
remote actuation and having a small footprint, has limitations related to the friction of the
cables within the sheath, yielding control issues due to hysteresis, backlash, and overvoltage.
This may result in inaccurate positioning and motions of the end-effector [161, 8]. Moreover,
snake-like robot designs based on individualised sections with independent actuation have
limitations in increasing the number of actuation cables and consequently the friction [33].
The energy cost to sustain a configuration with this type of robot is a real issue.

In addition, the models used to describe these behaviours are more complex and costly in
terms of computing time, and their accuracy is difficult to control. Besides, the closed-loop
control of snake-like robots with these two types of actuation requires small and expensive
sensors. The incorporation of these sensors into a mesoscopic robotic structure is also not
trivial.

These trade-offs have motivated the development of a new snake-like robotic architecture,
belonging to digital robotics, offering an answer to the problems of miniaturisation, actuation,
and control.

1.4.2 Digital Robotics

In the literature several robotic architectures based on the use of bistable actuators are de-
scribed as shown in Fig. 1.17 and in Tab. 1.3. At the macroscopic scale, one finds in particular
the Variable Geometry Truss (VGT) manipulator [141, 96]. This is a multi-modular planar
robot, whose modules are driven by 3 bianary actuators. Each module has 23 stable states. The
concept of binary paradigm in robotics was introduced by G.S. Chirikjian [36]. He is also the
author of many works aiming at improving the VGT, in particular concerning the calculations
related to the establishment of direct and inverse models [122, 123, 37, 54]. The 3D equivalent
of the VGT is called Binary Robotic Articulated Intelligent Device (BRAID) [75, 199]. This
manipulator consists of 5 cascaded modules providing 2'° stable states in a 3D workspace.
However, as these architectures require more complex kinematic models as the number of

6Follow-the-Leader was originally a children’s game in which one child is followed by a line of other children,
who have to copy everything the first child does [157]. This game was democratised by the Disney cartoon, Peter
Pan. Its first mechatronic significance is in the modelling of traffic flows where a column of cars follow each other,
transmitting information from one to the other, starting from the leading car [67].
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Figure 1.17 - Digital robot architecture designed with components from traditional mechanics: 1. the
VGT [170], and flexible mechanics: 2. the BRAID [125],. The architecture of the VGT is given for 3 mod-
ules and is accompanied by details of the hydraulic actuation, the active linkage and joint, respectively
from top to bottom. 3. A binary hyper- redundant electromagnetically actuated manipulator [200].

Ref  Application Architecture Actuation DOF Diameter Length Bending radius Max force Control
Motorised
+90f vertically
[185] MIS multiarticulated micro motor 7 12.7 50 - CL
+225F horizontally
Binary actuator
[200] Colonoscopy multiarticulated electromagnetic = 10 45mm - 6° - CL
[229] - multiarticulated cables + SMA 7 40mm - 15° 5N OL

Table 1.3 - Comparison of properties and characteristics of hyper-redundant robots in the literature.

logic states increases, the computational time to achieve trajectory tracking is expensive
[122, 123]. Moreover, as for the continuous robots presented above, the inverse kinematic
model is complicated to obtain and contains a very large number of solutions [37, 54]. Taking
into account the mechanical backlash at each joint is also a challenge in itself.

Digital robotics was described as an approach to robot design based on elementary bistable
mechanical modules [74]. This bottom-up design approach was initially described in the
context of micro robotics, taking advantage of MEMS technologies and open-loop digital
control. It is inspired by digital electronics and electronic flip-flop, where the flip-flop allows
the storage of one bit of data. The success of this approach is based on its reproducibility, the
robustness of the device and its modularity. The latter is represented by the combination of
flip-flops that allowed the construction of the registers and later the microprocessor. These
different aspects are found in digital robotics through the use of flexible bistable mechanisms
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[72, 226]. This is what differentiates a digital robot from the approaches introduced earlier.

Digital robotics will necessarily be modular. Indeed, if we start from the principle that we wish
to carry out a somewhat complex manipulation task, it is necessary to combine modules in
order to increase the number of states and to be able to carry out the task [32]. Each module
has 2 states, corresponding to the presence or absence of actuation. The position of the final
device can be easily recalculated by accumulating the discrete movements of each module.
This position can also be represented by a binary word that can be used as a command.

The workspace of these robots is defined by the performance of the modules used, their
number 7 (2" logical states) and their arrangement. It can also be the result of the arrangement
of several chains of bistable modules, for example in parallel [32].

The performances of digital robotics, namely accuracy and repeatability, are directly related
to the robustness of the manufactured modules. This argument again supports the use of
compliant bistable mechanisms, which will be discussed in more details thereafter.

1.4.3 Contributions

This work is in line with the work done in the field of digital robotics. Different areas of
improvement will be addressed here, such as the transition to a mesoscopic scale application
or the transition to the use of multistable elementary modules. This is made possible by the
generalisation of access to manufacturing processes such as 3D printing and the realisation of
complex geometric mechanisms in a monolithic manner.

The objective of this thesis is to develop a new robotic architecture suitable for endoscopic use.
The contributions are therefore divided into three parts: dimensioning, design, and control.
Each of them will be described through the different chapters of this manuscript.

In order to develop our structure, it was necessary to define the constraints and specificities
related to the application context (size, mobility, stiffness, workspace,...). Following the
sizing, a reflection phase was necessary concerning the technological choices (mechanism,
manufacturing processes, etc.) and the nature of the actuation.

Contribution: A multistable module, with three stable states, is designed to be reproducible and
to be assembled in series. Due to the size, the actuation is done with a smart active material.

The assembly of the modules was then used to design a prototype to validate the proposed
approach and the feasibility of a follow-the-leader motion.

Contribution: a new snake-like robot architecture with discrete workspace and simplified open
loop control.

In order to propose the most optimal architecture possible, a mechanical optimisation and
actuation replacement phase was then carried out. The objective was to reduce the assembly
phase to a strict minimum.
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Contributions: Based on a theoretical study, an enhanced version of the module is proposed
to increase its stability and longevity while reducing manufacturing costs. In a second step,
by exploiting the principle of printing active polymers, it is proposed to develop an approach
allowing the printing of actuators incorporated in the mechanism itself.
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¥4 Specification for the design of a new
kind of robot based on multistable
modules

Chapter 1 introduced the emergence of new robotic architectures to meet the growing need
in order to improve the quality of medical procedures. In particular, continuum robots have
taken a major place in minimally invasive surgery due to their ability to operate in confined
and tortuous environments. However, these architectures face increasingly complex control
requirements as well as time-consuming and expensive assembly [40].

In addition to continuous robots, the use of soft robotics was also discussed in Section 1.3.2,
but the complexity of the models and the lack of precision of model-free controls are major
obstacles to their use for operational procedures [124, 202]. It was also pointed out that there
was a risk of damage to the structure due to the use of certain tools [15]. In endoscopy, during
the procedure, the practitioner may use a number of tools to perform the operation, e.g. a
biopsy needle or a scalpel. The use of these tools, which can cause damage to soft structures,
remains an obstacle to their use in this type of intervention.

These approaches are considered as an alternative to rigid body mechanisms due to the
significant constraints induced by downscaling. One of the main constraints discussed in
Section 1.4.1, concerns the complexity of the assembly [159]. It is observed that these robotic
architectures present some limitations such as mechanical play and friction. These phenom-
ena generate non-linear behaviours and inaccuracies which are not negligible and which are
difficult to compensate by the control laws [161, 8].

It therefore appeared that it is not necessarily appropriate to draw on existing continuum
architectures and rigid body robots to develop a robotic structure suitable at the mesoscopic
scale. The use of digital robots has opened up new perspectives by proposing a modular
approach, some of which are based on the use of flexible mechanisms. This approach thus
combines the advantage of hyper-redundant robotics with the scalability of compliant mech-
anisms. Indeed, as presented earlier, digital robots have already demonstrated the value of
their hyper-redundancy, e.g. providing a kinematically hyper-redundant workspace, at both
macroscopic and microscopic scales.

The objective of this second chapter is to define the specifications for the design of the robot.
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Figure 2.1 — Representation of the anatomical curvature to be crossed to reach the throat.

The choices that were made to leed to a robot able to perform the required complex movements
are introduced.

2.1 Constraints and design considerations

Digestive endoscopy is a medical procedure in which a thin and flexible tube equipped with a
light and a camera is inserted in the body through the mouth to visually examine the digestive
tract. Esophagogastroduodenoscopy (EGD) is used to examine the esophagus, stomach, and
the upper part of the small intestine (duodenum). The procedure is used to diagnose and treat
a wide range of conditions, such as gastrointestinal bleeding, ulcers, polyps, and cancer. It
allows gastroenterologists to see the interior of the digestive tract without the need of invasive
surgery and can be used to take biopsies or remove foreign objects. Digestive endoscopy is
considered a safe and effective diagnostic tool that can help detect and prevent serious health
problems.

This procedure, whether for diagnostic or surgical purposes, sets as objectives the design of a
robot to be inserted gradually into the body and moved in confined environments in order to
reach a desired target position.

2.1.1 Anatomical constraints and required performances

The first step in designing the robot is to take into account the constraints inherent to the
application: it must be able to pass through the body’s natural ducts. In the case of endoscopy,
this means that its external diameter must not exceed 25mm (15mm for a child). During
its insertion, it will be confronted with the passage through the oral cavity, the pharynx, the
oesophagus and the stomach. It must therefore be able to follow a curvature that is a circular
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arc with a radius of 140+£20mm (120mm for a child) [29] as shown in Fig. 2.1.

The length of the robot is mainly determined by the length of the oesophagus, 250 to 300mm
(120mm for a child) and the location of the operation. This criterion is therefore the one with
the most variability.

2.1.2 Choice of a serial modular architecture

Given the anatomical constraints described above, a macroscopically serial architecture is
adapted. The advantage of the serial structure is to ensure the largest possible working space
and a high degree of repeatability of the achievable positions. The workspace redundancy
allows the end-effector to be optimally positioned during the procedure.

These characteristics lead to consider a snake-like robot design. Moreover, in order to meet the
criterion of operative variability, for example an adult or child patient, the modular nature of
the robot makes sense. Indeed, the architecture is based on the duplication of an elementary
module, the length of the robot is then adapted. Depending on a preoperative imaging result,
the robot can become patient-specific.

The nature of this robot means that it is based on a mechanical module that can be stacked
and provide the ability to move. In the initial case, i.e. the insertion of the robot to the stomach,
the robotic motion is assumed to be planar. Assuming that the first version of the robot is
planar, it can already be used and it is then necessary to define the number of configurations
that each module of the robot should exhibit to achieve the task.

From the operational space point of view, it is known that a digital robot made up of binary
actuator gives 2" positions, where n is the number of modules. The question of using binary
actuators to follow a line is not optimal. It is necessary to operate two successive actuators in
opposition to each other to follow a straight line.

In this case, the expected number of states for a module is 3. Indeed, from a functional point
of view, this provides a neutral stable state and two stable states for the orientation of the
end-effector as shown in Fig. 2.2. The use of a module with 3 states makes it possible to obtain
3" positions !.

Fig. 2.2 also illustrates the principle of digital robotics where each of the three states corre-
sponds to a digit, in this specific case a ternary digit, also called a trit. Sending a control signal
to this robot is therefore done by a sequence of trits, also referred to as a word.

In addition to anatomical constraints, there are functional constraints. In practice, it is
necessary to design a module that can be easily duplicated and assembled. Given the scale, the
question of actuation will also be an important design factor. For the design of the mechanical
part as well as the actuation part, the weight of the other modules and the environment should

1For an 8-module architecture, the number of achievable positions in the working space is 6561.
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Insertion force
Trajectory
Environmental border

3-states module

M0

0 1 1

Figure 2.2 — Principle of the 3-states module based snake-like robot developed to perform complex
trajectories in a confined environment. Each state of the module is identified as a balanced ternary
signed-digit, i.e. 1,0, 1.

be considered. The proximal module should support the weight of all the modules that make
up the robot in each state, and it should be able to be actuated despite this load.

2.2 Module design: compliant mechanism and actuation principle

One approach for digital robot design is based on the use of compliant (=flexible) mechanisms.
This approach exploits the discrete states of the bistable mechanism to accurately position
the end effector, where the flexible joints ensure the kinematics of the structure [28]. This
approach offers many advantages such as accuracy, mesoscale manufacturing, and monolithic
design.

2.2.1 Compliant Mechanism and (multi-)stability principle
Compliant mechanisms

Compliant mechanisms attracted a lot of interest in the early 2000s in response to the need to
design high precision robots [82, 92]. Initially, these robots were derived from industrial robots
whose mechanical structure and control laws were adapted to meet the needs of precision
manipulation. However, friction and mechanical backlash due to manufacturing tolerances
imposed limits in terms of precision. The guiding principle of the mechanisms, based on the
absence of assembly and on the principles of material elasticity, made it possible to overcome
these problems. Furthermore, compliant mechanisms often have better energy efficiency and
durability than their rigid counterparts. Indeed, compliant mechanisms derives some or all
of its motion from the deflection of the elastic deformation of its slender parts. In this thesis,
the deformation of flexible joints has been carried out under some fundamental assumptions
regarding the material constitution, stress-strain propotionality and consequently the small
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Figure 2.3 — Representation of the stable and unstable states of a pendulum and a bistable actuator.

strain assumption.

Multistable mechanisms

Bistable actuators are mechanisms that have two stable equilibrium positions in their range
of motion, as shown Fig. 2.3. Their advantage lies in their ability to remain in one of these
stable positions despite small external disturbances. The switching is achieved by applying a
sufficient force. In the case of flexible mechanisms, the bistable mechanism exploits a con-
trolled deformation of the structure following a change in the boundary conditions. The most
common case in the literature is the well-known double precurved beam bistable mechanism.

The principle of stability of a system can be illustrated through the use of a pendulum. This
system consists of a mass connected to a pivot joint via a rod with negligible mass, so that the
mass is subject only to gravity. This system has one stable state in 0 = 0, two unstable state in
0 = +m, as shown in Fig. 2.3.

In terms of applicability, a simple example would be a hair clip that can be bent and locked
into two different shapes. More advanced examples of multistable mechanisms include
space-based deployable structures [110]. These structures can be folded up for storage and
transportation, and then deployed in space to create large structures, such as solar panels. The
multistable property of these structures enables them to be lightweight and compact during
transportation, while being large and stable during deployment.

The stability of a flexible mechanism is characterised by its stiffness K;. This parameter
corresponds to the ratio between the force F or moment M applied on the mechanism input
and the induced displacement § or a according to a translation or a rotation [82].
Koo dF K - aM @
0745’ ' da '
In these equations, stiffness is defined as the derivative of the reaction force of the mechanism
with respect to its displacement. The study of the sign of this stiffness can therefore be used
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Figure 2.4 - Strain energy, reaction force and tangential stiffness of a bistable mechanism (on the right)
where s1, s2 are stable positions, u is unstable position and {1, {» correspond to zero stiffness positions.
[224]

to study the stability behaviour of the compliant mechanism [132]. The mechanism is stable
when the value of the stiffness is positive, and it is unstable when the stiffness is negative.
This qualitative criterion is particularly interesting for the characterisation of multistable
mechanisms with highly non-linear stiffness.

In the case of the double precurved beam bistable mechanism as illustrated in Fig. 2.4, the
stability states come from a controlled mechanical phenomenon called buckling. This phe-
nomenon is observed for thin beams, where the thickness is very small compared to the length
(t << L). When an axial load is applied to the beam and it exceeds a critical value, namely the
Euler critical load, the beam buckles and becomes bistable.

The relationship between the reaction force of the mechanism, the strain energy and the
stability of the mechanism is represented in Fig. 2.4. In this case, s1 and s2 represent the
stable positions at the energy minima and u represents the position of the unstable state of
the mechanism, where the energy is maximum [224].

The stability of this flexible mechanism has been studied in particular when the load exceeds
the critical load [208, 181], and in energy harvesting scenarios [160]. The problem with this
mechanism is that it requires two actuating forces, an axial force for buckling and a lateral force
for switching states [27, 24]. The design of pre-curved mechanisms allows reduction to a single
source of actuation. A first version was made from preformed curved beams manufactured
in their first stable state without residual stress [164]. This approach, although easier to
manufacture and integrate into a monolithic structure, leads to the loss of symmetry and
therefore has a shorter stroke. Some designs have been presented to improve the symmetry
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Figure 2.5 - Example rendering of a hyper-redundant robot based on multistable modules.

[105, 165]. Design [99], modeling [100], stress analysis and snap-through behaviour was
extensively studied for many initial shapes of bistable mechanisms [102]. This has allowed the
development of precision digital micro-robots that integrate them into their design [28, 98].

To obtain a higher degree of multistability, mechanisms can be designed to have highly
nonlinear stiffness so that multiple stable states can exist [224]. This is often achieved by
combining bistable mechanisms. The basis of this work is an orthogonal combination of
bistable mechanisms [30, 224] resulting in tristability and quadrastability.

In all of the above examples, the mechanisms are used independently, as part of a structure.
The foundations laid by Chalvet et al.[28] through the Dimibot have demonstrated the feasi-
bility of building a discrete robot based on a combination of bistable modules [17]. This has
motivated us to design a hyper-redundant serial robot based on multistable modules.

It is important to remember that this type of mechanism produces small amplitude motions,
but as they are compact, this design approach is viable as shown in Fig. 2.5.

2.2.2 Choice of actuators and implementation in the modules

An ideal snake-like robot only requires energy input when changing configuration. However,
in practice, whether it is a motor drive or a cable drive, energy is consumed to maintain a
configuration. However for multistable mechanisms, discrete actuation is achieved by an on-
off energy input required for triggering. In fact, bistable mechanisms have the advantage that
once a stable configuration is reached, it is maintained as long as no energy input generates a
deformation towards another stable state. The proposed tristable module must be capable of
supporting a load equivalent to the weight of the other modules and should have low actuating
forces.

However, the actuation remains a significant challenge. Constraints include the output force/-
size ratio and the capacity to be implemented after manufacturing.
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Figure 2.6 — Usual actuation force vs. response time for actuators based on “smart” materials. Ab-
breviations: EAC, electroactive (normally piezoelectric) ceramics; EAP, electroactive polymers; SMP,
shape-memory polymers; SMA, shape-memory alloys; MEMS, microelectromechanical systems; mag-
MEMS, Magnetic microelectromechanical systems; NEMS, nanoelectromechanical systems [45]

Smart materials for robotics actuation

In the literature, there are several definitions to describe smart materials. These definitions are
sometimes ambiguous, even contradictory, but they all agree in describing a smart material as
one that is capable of reversibly changing its physical and/or chemical properties in response
to an appropriate external stimulus [193, 143, 209]. This definition is not sufficient, train rails
expand reversibly when heated and yet steel is not considered a smart material. It therefore
seems appropriate to point out that in our case, this materials have unconventional properties.

Of the many materials classified as intelligent, only those that can cause a mechanical response,
by changing shape, to a stimulus will be examined as they can be used as actuators. The most
prominent of these are listed below:

¢ Piezoelectric smart materials: Piezoelectric ceramics, Piezoelectric single-crystals, Piezo-
electric polymers,...

¢ Thermostrictive materials: Shape memory alloys, Shape memory polymers, Shape
memory foams,...

¢ Thermoactive materials
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Figure 2.7 - Stress-strain-temperature curvature of a NiTi SMA wire

* Electroactive polymers: Conductive polymers, Dielectric elastomers, Polyelectrolyte
gels,...

* Electrostrictive smart materials
* Magnetostrictive/magnetoelastic smart materials

 Electrorheological materials

Each of these materials has its own characteristics which are the basis for a classification
according to the criteria of interest. In the context of a robotic application, an actuation
force/actuation frequency classification such as the one shown in Fig. 2.6 allows an initial
selection to be made. Specifically, in this case, the task to be done is to pull the vertical beam
of the tristable mechanism in such a way as to cause the buckling of the beam and tilting of the
bistable mechanism. It is therefore imperative that the actuators have a high energy density to
produce sufficient stroke and force. Energy density is defined as the energy available for work
as a function of material stress and strain such that:

E=o0¢ (2.2)

Of all the actuators considered for repeatable actuation, shape memory alloys (SMA) have the
highest energy density due to their high volume expansion combined with a high load bearing
capability.

SMA operating principle and mechanical model

Shape memory alloys (SMAs) are materials with thermomechanical properties that are quite
distinguishable from metals and other alloys. Among these properties, two give them an
important application potential: superelasticity and shape memory effect.
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Figure 2.8 — Characterisation of the most common materials used in 3D printing (adapted from form-
labs)

The deformation of an SMA wire is due to a change in the structure of the crystalline phase
of the material resulting in a length shortening. This shortening is the consequence of an
increase in temperature of the material. The Joule effect is usually chosen as the method of
actuation by applying a defined current. An increase of temperature converts the martensitic
phase (body-centered tetragonal) into an austenitic phase (face-centered cubic), as shown in
Fig. 2.7. The recovery of the initial length is achieved by the application of mechanical stresses,
after cooling.

Once heated, the wire will be converted to the austenitic phase. To bring it back to a martensitic
phase, one approach used in robotics is to use two opposing SMA wires.

As SMAs are thermal actuators, the question of actuation frequency and cooling arises. In the
standard case, the actuation frequency is considered to be around 0.1 Hz, but it can reach few
Hertz in proper conditions [121], which is sufficient to ensure the deployment of the robot.
Furthermore, during the procedure, once the robot has reached the target position, its overall
configuration is less likely to change. In order to improve the performance, the cooling aspect
will be taken into account and for this purpose different strategies can be used such as the use
of calloduc or watercooling.
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2.3 Manufacturing

In terms of manufacturing, the fabrication of flexible mechanisms imposes certain constraints.
The geometry chosen affects not only the mechanical behaviour of the mechanism, but
also the ease of fabrication. Some flexible components of the mechanism may be difficult
to produce with certain manufacturing processes. This is particularly true when this con-
straint is combined with the desire to produce a monolithic mechanism. The downscaling is
accompanied by a desire to reduce the assembly phase and to favour monolithic designs.

It is also necessary to characterise the material according to the used manufacturing process.
The same material will not have the same properties depending on the process, especially in
the case of additive manufacturing.

The mechanical behaviour of the mechanism depends on both the geometry and the material
properties. The characteristics of a material affect the strength and compliance. It must
therefore be assessed whether the designed mechanism can reasonably achieve the strength
and fatigue characteristics necessary for a good mechanical performance with the materials
available for each manufacturing technology.

In this case, additive manufacturing has many advantages and is particularly suited for the
fabrication of bistable mechanisms in a mesoscopic scale [11]. In addition, it allows the
production of monolithic mechanisms with complex geometry, or at least with a reduced
number of parts [21], which is an advantage over other manufacturing processes because it
reduces the tedious assembly phase.

All of this is part of a parsimonious design approach where the design uses the least amount
of elements, material and resources required to achieve its purpose, while remaining effective.
This principle is used to create a simple, effective, and elegant design.

From a prospective point of view, it is also conceivable that hospitals will have access to
additive manufacturing processes, such as 3D printers, allowing the design of patient-specific
robots based on pre-operative examinations (imaging). The availability of biocompatible
materials supports this hypothesis.

Finally, the ease of access to this type of manufacturing process facilitates the prototyping and
experimentation phases.

Additive manufacturing process

Additive manufacturing encompasses a large number of manufacturing processes whose
method is based on the deposition of thin layers of material through a physical transformation
of a material. Each of these processes is governed by a number of material and manufacturing
specifications. In this work, the manufacturing process chosen in the first instance is fused
deposition modelling (FDM) then stereolithographic 3D printing (SLA). This choice was based
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on various criteria such as the availability of the material and the possibility of multi-material
manufacturing.

The principle of FDM 3D printing is to extrude a previously melted thermoplastic material
and deposit it in the form of superposed layers. The material is liquefied by the temperature
rise of an extrusion nozzle and pressurisation is achieved by the feeder pushing the filament.
However, this technology has some disadvantages such as the size and precision limit, and
above all the anisotropic behaviour of the final material, whose internal stress relaxation may
affect the behaviour of the mechanism over time. This is because FDM printed parts are
microporous structures [11]. As a result, the actual cross-section of the part varies in each
direction from the apparent cross-section. In addition, the cohesion between layers does not
occur in a reproducible way. The Young’s modulus is therefore variable in all three axes. This
anisotropy can be minimised by varying the printing direction between each layer to obtain
orthotropic behaviour along the X and Y axes.

Stereolithographic printing is a manufacturing technology known as vat photopolymerisation.
The device relies on the use of a light source to polymerise a liquid resin and thus cause it to
solidify. Resins are thermosetting materials that react to exposure to light. Under the effect of
certain wavelengths of light, short molecular chains fuse together. This chemical principle is
described as the polymerisation of monomers and oligomers and causes the solidification of
the material. Most of resins are acrylate-based. Of all the additive manufacturing processes,
stereolithography allows parts to be manufactured with the highest precision and resolution.
This approach is limited by its low printing volume and its use constraints (toxicity, waste
management, etc.).

Material characterisation

Choosing the right polymer is also important to achieve the right properties of a structure,
especially if its functional use depends on the flexibility of the joints obtained. The properties
of the polymer can be modified by the addition of additives, but in the first stage only "simple"
materials are used.

The data presented in Fig. 2.9 is produced from supplier data (RS Components, Ultimaker,
Stratasys) and weighted by in-use observations. This information, while consistent with
some of the work in the literature [154], has not been standardised and should be taken as
an indication of use. The performance criterion is based on the assumption of an average
polymer with a general chemical formula, although this factor may vary between suppliers.
On the basis of Tab. 2.9, it is clear that in the case of bi-material printing, the rigid elements
should be made of PLA and the links of TPU.

Depending on the needs, this graphic chart allowed us to choose the most suitable material.
Thanks to its consistent performance, PLA will always be the material of first choice according
to the different criteria used. ABS and especially PC were then used because of the conservation
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of their mechanical properties in response to thermal stress. This thermal stress is due to the
use of SMA actuators.

In the third stage, with stereolithographic printing, the resins must be chosen even more
carefully. Although there are resins whose mechanical properties tend to be similar to those of
PLA and ABS, many remain more fragile.

2.4 Conclusions

In this chapter, a review of the literature highlighted the constraints in terms of dimensions
to meet the geometry of the digestive tract. In view of the complex trajectories to be realised,
an innovative architecture has been proposed based on the use of intelligent modules and
actuators.

The module will be designed using compliant mechanisms, as these are well suited to the
need for downscaling, especially as multi-stable mechanisms have already proved their worth
in the design of digital robots.

The actuation will be achieved using a small active material, namely shape memory alloys
(SMAs), which will be sized to achieve the required triggering force.

In order not to be constrained in terms of geometry and to produce monolithic mechanisms,
the choice of 3D printing was made. The module will be described in Chapter 3 and the
assembly and modelling of the robot in Chapter 4.
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Chapter 2. Specification for the design of a new kind of robot based on multistable
modules

Figure 2.9 — Characterisation of the most common materials used in 3D printing based on experiments
conducted during this work and supplier data.
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8] Design of the elementary multistable
module

In the previous chapter, the interest of designing a snake-like robot from a superposition of
modules was presented. Due to the mesoscopic scale of the architecture, the choice was made
to design the module with flexible mechanisms.

The use of bistable and multistable modules, characterised by their stability and mechanical
robustness, enables precise, repeatable motions to be achieved. However, the latter require
significant dimensioning.

This chapter describes the design and dimensioning phases of the elementary module of our
architecture following the presentation of the specifications to be met. This tristable module
results from the combination of 3 mechanisms, as illustrated in figure 3.1. These mechanisms
independently ensure a function (orientation, maintaining configuration, guiding) which,
when combined, allows the mechanism to operate correctly and whose dimensioning will be
detailed in the following sections.

Figure 3.1 — Illustrations of the 3 mechanisms composing the module as well as the module as it was
manufactured by 3D printing. Illustrations of the 3 mechanisms composing the module as well as the
module as it was manufactured by 3D printing.
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Chapter 3. Design of the elementary multistable module

Figure 3.2 — Photography of all states of an hexastable mechanism.

3.1 Design and sizing of a tristable mechanism

Two important notions have been introduced beforehand. The first is the advantage of using
tristable modules rather than bistable modules, in order to significantly increase the number
of achievable positions. The second concerns the manufacturability of the module and the
impact of the material on mechanical behaviour. The first step is therefore to characterise the
multistable mechanism of this module.

A multistable compliant mechanism can be designed by combining several bistable compliant
mechanisms in series [151]. A series combination of three orthogonal bistable mechanisms
produces up to four stable equilibria is shown in Fig. 3.2. The case of two bistable compliant
mechanisms producing three stable equilibria, such as T-shaped mechanisms, have been
extensively studied in previous works [30, 224].

The tristable mechanism is based on a combination of straight and preformed beams rigidly
joined together, as shown in Fig. 3.1. An actuation resulting in a deflection of the straight beam
allows the preformed bistable beams to buckle due to the occurrence of a shuttle loading.
Maintaining this deformed configuration is possible because of the difference between the
force needed to deform the vertical beam and the force needed to actuate the bistable beams.
The analytical model detailed in this section is inspired by the work of Hussein et al. [99] and
the theory of buckling.
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3.1. Design and sizing of a tristable mechanism

Shuttle 1/2

L x 5 - - neutral fiber

Figure 3.3 — Geometric parameter identification of a double double beam bistable mechanism.

3.1.1 Analytical modelling of a preformed-beams bistable mechanism

There are three main ways to produce a bistable mechanism. It can be precompressed, i.e.
the beams are manufactured rectilinearly and then compressed to buckling by means of an
axial load. It is also possible to obtain this type of mechanism by means of stress, which
may be related to the residual stress after manufacture or by applying thermal stress. In the
last approach, the beams are manufactured directly pre-shaped in the first buckling mode
without residual stress and without strain energy. The latter method is particularly suited in
the context of additive manufacturing to produce complex mechanics with a minimum of
assembly. Furthermore, an analytical model has already been proposed in previous research
work [73].

Stress analysis

Pre-shaped beams, as shown in Fig. 3.3, are characterised by a number of geometrical parame-
ters, namely length [, thickness ¢ and width w. These beams are also governed by a number of
manufacturing parameters in the pre-shaped state, namely the initial height & and the shape
of the beam governed by the equation 7(x). In this model, it is assumed that the force causing
the deformation is applied pointwise at the centre of the beam.

Assuming small deformation, Timoshenko described the buckling of the pre-shaped beam by
the following equation [204]:

dz( d?n\  d?
dx?

n 2
El— |+ P——=0, I= Nl
dx2)+ e 0 ffz dydz (3.1)

Where E is the Young’s modulus and I is the quadratic moment. Considering the embedding
stresses of the beam, the nature of the solutions is modal and it corresponds to the sum of the
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Chapter 3. Design of the elementary multistable module

different buckling modes:

[e.0]
nx) =) ajn;x (3.2)
j=1
aj and n; correspond respectively to the jth mode which reflects the contribution of each
buckling mode to the solution and the jth buckling shape mode. According to [99], it can be
written:

. o=1-— N:2
N TOOSNIT Vi35, ..
Nj =+ D=

2sin N, % (3.3)
N; j=2,4,6,..
N; =2.86m,4.927,6.947,8.957, ...

nj =1-27-cosN;]+

with N; the jth mode of the normalized force N. The calculation of the snapping forces has
been detailed by Qiu [165] and Hussein [99] and leads to three types of solutions. The first
solution correspond to the domain where the beam is in a compressed state, the second is
where the beam is not subjected to any mechanical stress and the third occurs when mode 2
is constrained, the buckling modes are shown in Fig. 3.4. As the stability margin of a simple
beam is relatively small, mode 2 is constrained by connecting two curved blades at their centre.
As it is extensively detailed in the previous Hussein’s work, not all the calculation steps will be
repeated to obtain the characteristic equations of mode 1 and mode 3 which are the ones we
are interested in:

N3 N2
fz(N/4)—tan(N/4)(N2—4n2_ ) (3.4)
3 tan*(N/4) _tan(N/4)) An* N?*  N?n*(N*-87%) _
T O I )fl_(N2—4n2)2f1+12Q2_ sz —agzz 0 OO

These equations give the relationship between the applied force f, the axial stress NV and the
deflection A for the first type of solution. The solution is done numerically by dichotomy. The
third type of solution is simpler to establish. Assuming that the force N3 is constant, Eq. 3.4
can be simplified as:

F3 = 647[2(% -A) (3.6)

This equation characterises a linear force-displacement interaction in this 3rd type of solution.
It is possible to calculate the exact positions where the third mode appears:

(3.7)

28 27 1 16 1
dropydpor = h| =+ =1 =+ —= — —
top> “hot (27 3\ 6 81x2 Q2)

and whose corresponding force value can be calculated by entering the results of Eq. 3.7 in

Eq.3.6
Foon Ewtdh32n° (4 _ 1+ 16 1 3.8)
, =— —Fm -t —— = .
topr Jbor = 5 g | g T\ 6 T B1aZ Q2
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3.1. Design and sizing of a tristable mechanism

Figure 3.4 — Representation of the first three buckling modes.

The force-displacement curve of the applied force f, along ¥ at P, as a function of the displace-
ment of the shuttle center d exhibits two extrema values, identified in Fig. 3.6a. These values
obtained from the previous equations make it possible to identify the maximum force values,
i.e frop and fje;, to be provided in order to operate the mechanism and the stroke value for
which the following are obtained, i.e d;,p and dp,,.

Due to the manufactured initial precurved shape, the value of the snapping force is not sym-
metric for leaving the stable states. The force f;,,, which is greater than fj,, is the maximal
reaction force of the bistable mechanism, as shown in Fig. 3.6a and later in the results Fig. 3.22.

Furthermore, in the case of a bistable mechanism where the shape of the beams is governed
by the following equation:

o) = g (1 — cos (27%)) 3.9)

And where the shuttle shown in Fig. 3.5 is inserted in the middle of the pre-shaped beam
section to prevent this section to rotate and constrain mode 2. In order to ensure bistability,
the following condition on the ratio Q of the apex h to the thickness of the beam ¢ is required :

Q=h/t>231 (3.10)

Stress and strain energy analysis

In order to ensure the proper operation of the mechanism, a study of the evolution of the
maximum stresses inside the beams during deflection must be carried out for the chosen
geometrical parameters and physical properties of the material. Then, knowing the restoring
force of the mechanism according to the direction of its displacement, it is possible to calculate
the deformation energy. From the study of this stored energy in the mechanism due to its
elastic deformation, it is possible to derive the equilibrium states of the mechanism.
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§ Shutle | %

N

First stable configuration
(as fabricated straight beam)

second stable third stable
configuration configuration

Figure 3.5 — Representation of a tristable double-beam based mechanism illustrated in its three stable
equilibrium positions. The fabricated configuration corresponds to the first stable state.

The total stresses in the beam are calculated as the sum of the axial stresses o, and bending
stresses g’p,.

Et* ,
O'azm (311)
fP
Ezh 4—
_ 2
Ip=T""3 2c0s2n> — ¥ Elh (j+1)2cos(j+1)n§ (3.12)

l N2(N2 - N?)
J ]

where z is the distance between arc lines throughout the thickness and the neutral line.
According to [97], the maximal stress for the first and third kind of solution can be expressed

as:
2 2 2 2 tan —
O_N,A — E ’ LQ N +N2Q N —A 4 (3.13)
max|1 l N — A 2 12 47_[2 (N N) .
4| — —tan—
4 4
t 80
C’Z’foZE(-) 1+Q+Q\/—A2+—A 2- 3—2—12/Q2] (3.14)
T

The strain energy is then calculated as the integral of the reaction force with respect to its
displacement.

U= f (3.15)
2Ewt

3.1.2 Modelling of the vertical beam of the tristable mechanism

The second part of the mechanism, represented in Fig. 3.6b, concerns the initially vertical
beam whose buckling will result in large deflections and a sudden change of configuration
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3.1. Design and sizing of a tristable mechanism

Inflection
points

Figure 3.6 — Representation of a pre-curved bistable mechanism and the evolution of the force f as a
function of the position d (subfigure a). The subfigures b and c illustrate respectively a buckling beam
in the case of theoretical guided-fixed end condition and in the real end condition with a slider.

of the bistable mechanism. The choice of using an initially straight beam is justified here in
response to footprint constraints and by obtaining a symmetrical snap-through behaviour
between the two buckling sides. This beam therefore has an initial stable configuration and
two buckled stable configurations.

The beam attached orthogonally to the shuttle of the bistable mechanism is straight. When
the shuttle changes state, it generates a compressive force greater than a critical value so
that the beam buckles. Buckling describes the sudden change of state induced by the excess
compression energy translated into buckling energy.

In our model, the vertical beam is fixed in the frame on one side and in the shuttle on the other
side as shown in Fig. 3.5. In order for the beam to buckle, the following condition must be met
[204]

m?El
€L?

F= (3.16)

This equation describes the minimum force that can trigger the buckling of a beam whose
material and geometrical parameters are known. These parameters are the Young modulus
of the material E, the second moment of area I, the actual length L and the effective length
factor ¢, i.e. a ratio to obtain the effective length L, as a function of the length of the beam, as
illustrated in Fig. 3.6. L, corresponds to the section of the beam between two inflection points
(zero bending moment points) on the buckled shape for a specific type of connection.

To achieve multistability in the design, f;,; must be higher than the force required to hold the
vertical beam in a buckling state. If this condition is satisfied, there is a point of intersection
between the force-displacement curves of the bistable mechanism and the vertical beam. A
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Chapter 3. Design of the elementary multistable module

stable equilibrium state exists at this position. As the beam is initially vertical, its buckling
modes are symmetrical. It therefore has a stable state on either side of its manufactured
position. The vertical beam has three stable states in this mechanism, the as-fabricated state
and the two buckling states.

Considering the slenderness ratio, ¢ << [, and the vertical beam boundary conditions, the

maximal stress, 0 4y, is estimated using Euler’s formula [204]

%E
L%
7]

r

Omax = with 0 max < T adm (3.17)

where r is the radius of gyration of the cross section. The 0,4 value was calculated and
compared to an admissible stress value o ,4;,, defined according to the yield strength of the
material, in order to ensure the proper functioning of the mechanism.

The boundary conditions are controlled by means of a flexible slider inspired by that used by
Rubbert et al. [171], represented in Fig. 3.6c and detailed in Section 3.11. It should be noted
that for the analytical model, the vertical beam was initially described as doubly embedded,
with an effective length factor of { = 0.5, however during experiments and in spite of the
compensation mechanism, it turned out that the buckling mode of the beam corresponded
more to the case of a pined-fixed beam and thus { = 0.7.

The selection of the configuration is done by means of actuators whose properties will be
described in Chapter III.

The two elements described above form the first mechanism that provides the three stable
configurations of the module. It will be associated with the mechanism described in the
following section which will provide angle orientation.

3.2 Positioning compliant mechanism

3.2.1 Flexible joint

Compliant mechanisms are characterised by their particular flexible joint that consist of
deformable structures. These monolithic mechanisms obtain their relative mobility between
rigid body from material elastic deformation of slender elements. The motions allowed by
elastic deformation is not comparable in range with traditional mechanism but are particularly
well adapted to miniaturisation as shown in Fig. 3.7.

Various flexible connections can be used. They differ in size and kinematic performance.
The most representative connection allowing rotation is the circular hinge. It is widely used
because its behaviour is similar to that of a traditional pivot joint. However, it requires a
significant design phase or the addition of mechanical stops to counteract the effects of stress
concentration in the centre of the joint. Sometimes a more oval profile is preferred in order
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3.2. Positioning compliant mechanism

Figure 3.7 — Photograph of flexible mechanisms produced monolithically in a glass needle [225, 61].

to distribute the internal stresses a little better as illustrated in Fig. 3.8. Cross spring hinges
are normally preferred due to their advantageous kinematic performance and better stress
tolerance. However, cross spring hinges are bulkier and more demanding to produce in 3D
printing.

The flexible linkages used for this prototype, as shown in Fig. 3.9, are modelled as thin sec-
tion beams. These hinges were preferred due to their smaller footprint and manufacturing
constraints [82, 172].

,6 — 37'[0'adm\/7 (3.18)
¢ AEVT '
F 6M
ol = kr—+ kp—— (3.19)
t.w tcw

where r is the radius of the hinge and ¢ the thickness, F and M are the forces and moments
acting on the joint, w describes the width of the joint and k; and kj, are the correction factors
for tensile and compressive loads. As the resolution of the printer limits the printing of notched
hinges, this type of hinge was therefore designed and modelled as a beam, whose loading
could be similar to that of a cantilever beam loaded at the ends. This model was carried out in
accordance with beam theory [203] such as

Bo = (Fli;,.) CED (3.20)
o) = Myll (3.21)

where f is the slope, F is the force exerted by the tristable mechanism, Iy, is the length
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Figure 3.8 — Schematic representation of an elliptical notch flexure hinge.

of the joint, and M and y are the moment and distance to the neutral axis. The maximal
constraint 0,4y, was compared to the same admissible stress criteria as previously defined
0.4m- The mechanical stoppers have been sized so as not to exceed the allowable stroke,
B =14°, and constraint, 0 4, = 53.33 M Pa, values of these hinges.

3.2.2 Operation and sizing of the mechanism

The positioning mechanism can be modelled as a 6-bar mechanism as shown in Fig. 3.9. The
symmetry of this mechanism makes it possible to simplify the geometrical model and to
analyse only half of it.

This mechanism must deform under the effect of the tristable mechanism and produce an
angle a. This angle is both the one of the mechanism and the one of the module. The second
objective of this mechanism is to sustain the configurations against external loads acting
on the module. The tristable module is locked in the as fabricated state by this mechanical
obstacles and not by elastic equilibrium.

Although this mechanism is subsequently linked to the tristable mechanism previously de-
scribed, these two mechanisms are partially decoupled to isolate the multistable mechanism
from external solicitations when it is not actuated.

As the structure of this mechanism is composed of flexible joints, over-constraints due to
external interactions must be taken into account during the design. These constraints are
included by means of a safety coefficient and mechanical stoppers. Those stoppers have a
double purpose, they prevent deformations beyond the elastic limit and allow the transmission
of the forces acting on the mechanism.

For practical reasons, it was chosen to size a prototype to 8 modules. This implies that, in
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Figure 3.9 - Geometric model of half of the compliant structure in initial configuration on the left and
deflected on the right. Mechanical correspondence in the initial configuration in red in the CAD model.

the worst case, the most proximal module must support and be able to be actuated against
the weight of the other seven modules. It was therefore necessary to take into account the
weight of each module, which is 2.5g, and the weight of future printed circuit boards (PCB),
also estimated at 2.5g. Knowing the length, L, and the weight of each i module, W;, and
the number of modules, n, the moment that this module have to sustain can be calculated
Z?;llﬂi L, W;. The demonstration is developed in the experimental part by operating the
module against an equivalent load of 7N for the first module, for the following modules the
bending moment is lower.

3.2.3 Kinematic model of the mechanism

If we refer to the kinematic model of the structure shown in Fig. 3.9, the objective is to maximise
the mechanism orientation given by the signed angle a. For our prototype this angle is set at
7°. This angle value may seem low, but within the flexible mechanisms, it already belongs to
the long stroke mechanisms. This value may be subject to further optimisation in order to be
increased. Once actuated, due to the constraints on the stoppers, it is possible to neglect the
vertical displacement at A and assume that it is fixed.

After that the length A4 of the segments, represented in Fig. 3.9, is determined using the
following equations, knowing that the 0y represent the angles between the segments, that
H; represents the initial height of our mechanism and Hy the height once the structure is
deformed by the tristable mechanism.

a= arcsin(Hf — H;) (3.22)

H; =Aj1cos0; + Aycos6, (3.23)

59



Chapter 3. Design of the elementary multistable module

Figure 3.10 — Parallel spring stage to the equilibrium and deformed by a force.

Hy = Ay cosO] + Az cos0, (3.24)

3.3 Design of the linear guiding mechanism

The correct operation of the bistable mechanism is conditioned by its boundary conditions.
However, these conditions change when the mechanism reaches an intermediate position,
between the two stable positions (e.g. halfway). In this position, if the mechanism is sym-
metrical, then the 4 beams buckle and the stiffnesses of the mechanism alongy (transverse
translation) and rz (rotation in the plane of the mechanism) directions drop drastically, which
transforms the supposed 1 DOF guidance into a 3 DOF guidance. This phenomenon, which is
simple to verify experimentally (or by simulation), is often poorly described in the literature
[80]. This phenomenon has a significant impact on our mechanism and justifies the need
for a guiding mechanism shown in figure 3.11. Moreover, when the bistable mechanism is
triggered, the beam orthogonal to it buckles and exerts a torque. Therefore, the mechanism
was also designed to ensure good coupling of the bistable mechanism to the orthogonal beam.
One of the approaches recommended is that of parallel spring stage [82]. Knowing that the
beam will buckle on one side or the other, the choice will be made to assemble two parallel
spring stages reversed by an angle 7 with respect to each other.

3.3.1 Parallel spring stage

A parallel spring stage consists of a mobile block attached to a fixed base by means of two
parallel flexible beams. When a force is exerted on the mobile block, the two beams deform
and the trajectory followed is not a pure translation but a parabola. The displacement therefore
has a component along the X-axis and along the Y-axis, as shown in figure 3.10, such that :

X
A=1"= 2 (3.25)
= y = _3x .
5A
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Figure 3.11 — Diagram of the tristable mechanism showing the three states assumed by the vertical
beam on the left, and the effect of the deformation of the vertical beam on the parallel spring stage on
the right.

Where A is the length of the beam. Taking into account that the force can be oriented in such
away as to induce a tensile or compressive force, and according to [171] the stiffness is very

well approximated by
_24E1 6f

K, = +
T A3 BA

(3.26)

3.3.2 Compound parallel spring stage

One way to achieve a perfectly linear motion and to compensate for parasitic movements is to
assemble two tables 7 oriented. The beams of each table are governed by the same geometric
parameters. The stiffness of the two tables is therefore identical and governed by Eq. 3.26 and
the displacement can then be written as

fx
N T B B
A= = 3x2  _3x2 = kx|, Vs =X ki, = ky, (3.27)
y X + X 0

5A

where _; and _; refer to slider 1 and slider 2.

3.4 Actuation

In the case of the module, an active bidirectional mechanism is desired. To achieve this,
two SMA wires must be mounted in opposition to each other. By heating the left wire, its
martensitic deformation is cancelled (return to the austenitic state). This deformation is
added by compensation to that of the right-hand wire (which is thus further transformed into
oriented martensite). When the left wire cools, the restoring force is exerted by the right wire,
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Figure 3.12 - Principle scheme for the actuation of the tristable mechanism integrating the SMA wires

which moves the midpoint in the other direction by partial transformation of the left wire. By
alternately heating and cooling the two wires, the midpoint is moved alternately.

Inside the module, the alloys are attached to the structure and the middle of the straight beam.
By varying the length of one of the wires by heating, the shortening will apply a force and
initiate a displacement sufficient to change the state of the tristable mechanism, as shown in
Fig. 3.12.

Each module is able to change its configuration following an actuation or, if not actuated, to
maintain its configuration. Each configuration is the result of a precise sequence of SMA wire
actuation.

3.4.1 Joule effect thermal activation

Due to the application, the choice was made to use current as a means of activation, i.e.
thermal activation by Joule effect. According to Ohm’s law, the SMA wire absorbs an electrical
power.

P=UI=RP? (3.28)

Where the resistance R depends on the cross-sectional area w, the length L and the resistivity
p of the SMA wire.
uL
R=— (3.29)
)

The power absorbed per unit volume can then be determined

_RI* pul?

P=—=—- 3.30

It is also necessary to calculate the power dissipated per unit area due to the convection effect.
Pe=ke(Ty - amb) (3.31)

62



3.4. Actuation

where k. is the convection coefficient, T,,,; the ambient temperature and T}, the wire tem-
perature. The temperature of the wire stabilises when the Joule effect power compensates for
that dissipated by convection. This can be expressed as follows for a portion dx:

P,(nr?dx) = P.(2nrdx) (3.32)

This defines a key relationship for control, namely the relationship between wire temperature

and transmitted current.
pr?

T = Tamp + ———
w= famb T on2r3

(3.33)

Without a dedicated cooling system the actuation frequency of this type of actuator is 0.1 Hz.
The cooling is achieved by thermal convection or conduction. But usually, snake-like robots
operating in confined environments are faced with low convection capacity and therefore the
dynamic response of the actuator depends on the cooling efficiency.

In this case, the advantage of using small actuators is that it requires only minimal heat
generation, thus requiring little dissipation. In addition, short current pulse actuation is
limited to configuration changes.

3.4.2 SMA wires actuators sizing

The SMA wires used in the design of the module are from Dynalloy Inc. (CA, United States).
The selection of these wires was based on their transition temperature and the dimensioning
of the mechanisms carried out beforehand. Regarding the transition temperature of the SMA
wires, the choice was made to use 70°C in order to do not risk of damaging the prototype,
which for this test was made of polycarbonate and whose supplier describes a conservation
of mechanical properties up to 80°C. In addition, considering higher temperature limits the
cooling time and gives a higher heating/actuation time ratio.

In order to introduce the actuators and their sizing, we refer here to some of the results
demonstrated in the next section. To actuate the structure, it was experimentally considered
necessary to provide a bending displacement of at least 1.3mm orthogonal to the beam
attached to the bistable and an estimated force greater than 1.04N. The manufacturer describes
a maximum shortening of approximately 5%, so the wire must be at least 26mm long to achieve
the required shortening. Within a small margin of error, the wire length was set at 30mm. The
diameter of the wire was then chosen according to the required force. After some testing, it
was found that 150um wires supporting up to 600 MPa of continuous stress could provide an
average force of 1.06N. This value being higher than the required one, the latter was retained.
In view of the required stroke, an SMA wire is currently sufficient to actuate the tristable
structure.

The electronic ciruit necessary for the actuation was made using an Arduino Mega allowing
the individual control of each SMA wire and a power stage as shown in the Fig. 3.13. Each SMA
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Figure 3.13 - Electrical circuit for actuating the SMAs.

Figure 3.14 - Displacement and force exerted by the SMA wires as a function of time. Representation of
the states of the corresponding module.

wire are supply by a current of 0.1mA under a voltage of 3V.

The sizing was validated experimentally. The displacement sensor was placed to measure the
displacement of the connection point between the two wires (in this case, the centre of the
vertical blade). The SMA wires were attached to the frame at one end by screws and to the load
cell at the other.

Fig. 3.14 shows the evolution of the force in the wires and the displacement of the centre point
as a function of time. In this test, the first wire was heated to start the mechanism and the
second to return to the initial state. The second wire was heated to bring the mechanism into
its third stable state, and then the first was heated to return to the initial configuration. This
step was repeated twice to validate the ability to react consecutively in the same direction. For
this test the actuations were made every 10 seconds.

This sizing method has been generalised through a Matlab script whose operating principle
is presented in Fig. 3.15. This algorithm first sizes a module from the previously established
models and then sizes the actuator according to the required forces. The sizing of the module
is done either according to parameters set by the user or according to a performance criterion.
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experimental validation

Figure 3.15 — Algorithm to assist in module design and actuator sizing.

Table 3.1 — Tristable mechanism design parameters

Parameters Mechanism

E 1944MPa
t 0.25mm
Bistable mechanism h 2mm
l 23mm
w 1.5mm
4 0.7
Vertical beam L S4mm
t 0.4mm
w 1.5mm
Oadm 55MPa

In the case of future optimisation and the need for a longer stroke, the SMA wire can be
replaced by an SMA spring.

3.5 Convergence of analytical and numerical models to obtain a set
of parameters, and experimental validation

3.5.1 Finite element analysis, simulation and validation

In this section, the results obtained from the analytical models described above are compared
with the results of finite element simulations performed using Creo Simulate. The simulations
were performed taking into account non-linearities and load history and using the buckling
module. Mesh refinement was performed locally at the anchoring point of the mechanisms.

The simulations were carried out on a bistable mechanism with two preformed blades as well
as on a tristable mechanism, as shown on Fig. 3.16 whose geometrical parameters are given in
Table 3.1.
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Figure 3.16 — FEA rendering of the bistable mechanism (a.) and the tristable mechanism (b.) deforma-
tions (displacement in mm)

The curves shown in Fig. 3.17 give the force-displacement curve of a bistable mechanism. The
error between the model and the simulation for d;op, frop, dpor and fpe is 26.6%, 10%, 1.8%
and 0.06% respectively, which illustrates the agreement between the theory and the finite
element analysis.

This agreement is important because these characteristic points represent the stroke and
the force that the actuators have to provide. Thus, the accurate knowledge of the relations
between the snapping points and the geometrical dimensions is very important in order to
achieve the best integration of the complete bistable system.

Because of the quite large error in d,, special attention was paid during the design phase.
The analysis of the evolution of the maximum stresses shows however a strong agreement
between what was theorised and the result of the FEA, as shown in Fig. 3.18. The calculation
of internal stresses in the beam during buckling is important for design purposes to determine
the design limits in the elastic domain. In a context where the manufacturing process generates
high behavioural non-linearity, the accurate determination of the relationship between beam
dimensions and stress state can reduce/delay the failure of one of the pre-shaped beams.

The energy analysis confirms the existence of the two stable states of the bistable mechanism,
with different energy levels due to the preformed manufacturing. Once again, a concordance
between the analytical model used and the finite element simulation is found. The evolution
of the strain energy obtained by simulation demonstrates the existence of 3 local minima
justifying the existence of the 3 stable states of the tristable mechanism.
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Figure 3.17 — Force-displacement curves comparison between analytic modelling and finite element
analysis

3.5.2 Experimental validations
Design and manufacture of a tristable module

The convergence obtained between the analytical and numerical models has made it possible
to define a program that allows the definition of a set of parameters for the design and
manufacture of a module, depending on the desired material and size.

The module is shown in Fig. 3.20. It consists of three mechanical components identified by
numbers and three mechanisms identified by colours and letters. The module is manufactured
in three three mechanical components, as shown in the exploded view, to enable the quality of
manufacture to be assessed and their performance to be evaluated before assembly. As show
in Fig. 3.20, note that A belongs to both pieces 1 and 2.

* The tristable mechanism (A) allows the module configurations to be changed or main-
tained.

* The flexible positioning mechanism (B) is capable of converting each stable state of A
into an angle « in the plane.

* The flexible coupling element (C) is used to ensure the maintenance of the boundary
conditions for the proper functioning of A and B.
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Figure 3.18 - Comparison between the maximal stress evolution during deflection between the analytic
model and the FEA results

Figure 3.19 — Curves of the evolution of the deformation energy during the displacement. (a.) compari-
son of the analytical and numerical results of the energy study for the bistable mechanism, and (b.)
result of the numerical analysis in the case of the tristable mechanism.

3.5.3 Tristable mechanism characterisation

In order to characterize the tristable mechanism, the following setup was used. It is composed
of a force sensor (FK50, Sauter) able to measure a force up to 50 N with an accuracy of
0.02 N, and a laser-based displacement sensor (LK-H152, Keyence) capable of measuring a
displacement in a range of 80 mm with a resolution of 0.25 ym.
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C. Coupling
element

B. Positioning
mechanism

Figure 3.20 — Tristable module CAD model: Exploded view of the three mechanical components. The
numbers indicate the pieces and the colours and the letters indicate the mechanisms. Actuators are
shown schematically for ease of understanding (Left). 3D printed tristable module assembled (Right).

The force is applied on the shuttle of the bistable mechanism by moving the linear stage
on which the force sensor is mounted and the induced displacement is measured using the
displacement sensor. In order to determine the negative forces, the bistable mechanism has
been reversed.

This setup is illustrated in Fig. 3.21. The results from this experiment are presented in Fig. 3.22
and are compared with the results from the analytical model and finite element analysis
performed in Creo Simulate. The measured experimental results are in good accordance with
what was estimated analytically and especially numerically.

The force was also applied on the vertical beam until the buckling. The average value measured
was 0.28N allowing to validate the correspondence with the previously calculated critical force
Eq. 3.16 which is consistent with the expected values. The minimum displacement linked to
buckling was also estimated at 1.3 mm, in order to size the actuators.

3.5.4 Experimental validation of a macroscopic module

A first set of large mechanisms was produced in PLA using an Ultimaker S3 printer. This first
phase established the proof of concept and validity of the design. Experimental validation was
carried out using the assembly illustrated below. Actuation of the mechanism was achieved
using a shape memory alloy.
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Displacement sensor Bistable mechanism Force sensor

Figure 3.21 — Experimental setup to characterise the mechanism. The frame containing the tested
mechanism measures 32x21mm.

The operation of the mechanism against a load was carried out using the setup shown in
Fig. 3.23. This validation was carried out using a macroscopic mechanism attached horizon-
tally to aluminium profiles. A load corresponding to n times the weight of the module was
applied to this mechanism. In the case of this demonstrating prototype, which was carried
out during preliminary work, the load was 5 times the weight of the module.

The actuation was perform using shape memory alloy wires placed in opposition as presented
in the previous section. A command (PWM) was sent to trigger the actuators. The choice of
actuator was made by selecting the pin to be sent from the arduino.

The result of the actuation is shown in Fig. 3.24, where we can see the module in two stable
and deformed states. The third stable state is the initial state shown in Fig. 5.8.

These mechanisms allowed us to raise two points already observed in previous works, namely
a variation of the material behaviour in time and a problem of hyperstatism and fatigue within
the bistable mechanisms. In parallel with our research into miniaturisation and the design
of our robot, presented in the following chapter, a study was carried out to reduce these
phenomena. The result of this work is detailed in the first part of Chapter 4.

3.5.5 Conclusion

In this chapter, the models used to successively dimension the different components of the
module were detailed. These different models were then integrated into a Matlab algorithm
allowing the generation of a module according to the desired dimensions or performances
depending on a certain number of known parameters, such as the material parameters or the
resolution of the used 3D printer.

The actuator sizing approach is then introduced and experimentally validated on the tristable
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Figure 3.22 — Force-Displacement curves of the bistable mechanism: analytical model presented in
continuous line, Finite Element Analysis (FEA) in dashed line and experimental results conducted on
10 mechanisms in orange.
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Figure 3.23 — Experimental setup used to validate the operation of the module A with a load. In this
case the load is 5 times the weight of the module (63g).
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©<— Load

Figure 3.24 — Planar tristable mechanism: as fabricated on the rigth and, in the two other stable
equilibrium positions on the left. The experimental setup is detailed in Fig. 5.8.

mechanism.

The possibility of using rotationally multistable mechanisms is not discussed in this chapter.
The decision not to use them is based on two arguments [106]. The first relates to the stroke-
to-space ratio. The second relates to their low resistance to loading [129].

Finally, experiments on an experimental module were performed. These preliminary results
paved the way for the fabrication of the mesoscopic scale modules and which will constitute
the robotic structure presented in the next chapter.
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Chapter 3 was devoted to the design of a three stable state elementary module. The steps for
the mechanical dimensioning of the different components of the module were given, as well
as the choice and dimensioning of the actuators. The actuation and operation of the module
under load were then tested. This allows the design of the robot by combining modules to be
discussed and validated in this chapter.

Kinematic modelling aspects will then be addressed. In the case of the endoscopy application,
the robot will be inserted into the body and controlled in open loop by the practitioner. All
module stable states are then known. The position of the robot’s end-effector is then derived
from the direct kinematic model. By setting this direct model, the working space of the robot
is also defined.

During an intervention, and despite a preoperative planning phase, it may be necessary to
modify the robot configuration intra-operatively. This step results in the surgeon’s wish to
position the end-effector at a new set of desired coordinates. To determine the configurations
that allow the robot to reach these new coordinates, the inverse kinematics model is used.
The literature includes studies on open-loop controllable binary manipulators that provide
performance in a hyper-redundant 2-D space. However, due to a high number of degrees-of-
freedom, complex inverse kinematic models had to be developed [35, 125, 163]. Considering
the constraints of the application and the particularity of our architecture, a geometrical
resolution inspired by existing works has been chosen [152].

In the last part of this chapter, aspects of path planning will be discussed. So far, in the
various models, the robot has been considered as embedded at its base and moving in an
unconstrained space. The "advance" of the robot will then be taken into account. The robot
incorporates a translational motion allowing it to be inserted. Finally, the environment in
which the robot will be inserted is considered and the working space will be restricted to the
patient’s anatomy.
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3-states module

Figure 4.1 — Representation of a tristable double-beam based mechanism illustrated in its three stable
equilibrium positions and their integration into the module based snake-like robot. The fabricated
configuration corresponds to the first stable state.

4.1 Direct kinematic model and working space of the robot

The kinematic analysis of a robot consists of analysing the relationships between the joint
angles 6; and the position and orientation of the end-effector. In the case of a planar robot,
the position in x and y and the orientation are written as a vector [0 gy, 6 gy, BE] T If the known
variables are the joint angles and the objective is to define the position of the end effector, the
model used is called Direct Kinematic Model. If the aim is to calculate the joint angles from a
known position of the end effector, the model used is called Inverse Kinematic Model.

In Chapter 2, the anatomical constraints of the digestive tract were established. The digestive
tract can be considered as a small diameter bent tube in which the deployment is a planar
problem. The chosen architecture consists of a serial assembly of elementary modules, as
shown in Fig. 4.1. These elementary modules and their actuation having been validated
previously.

In this section the direct kinematic model and the working space in the particular case of a
proximal embedding will be derived.

4.1.1 Direct kinematic model

In order to obtain the direct kinematic model of the robot, it is necessary to start from the
model of the elementary module defined in Section 3.2.3. The flexible structure takes the
displacement of the tristable mechanism and converts it into signed angle a.

An adaptation of Fig. 2.2 (Chapter 2) is shown in Fig. 4.1 taking into account the actual design
of the modules and illustrating the achievement of a. In the same figure, the kinematic model
of the robot has also been represented using a bar chart.
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Figure 4.2 — End-effector workspace generated for a 4-module architecture with fixed proximal end and
some configuration examples.

The pose of the end-effector can be expressed as a function of the state of every tristable
module:

r n i i+1
L+ Y Lmcos() aj)+Lgcos()_ aj)
OEx i=1 j=1 j=1
5 — n i i+1 4.1
Ey ZLmsin(Z a]-)+LEsin(Z aj) “.1)
BE i=1 j=1 j=1
atan2(0 gy, 6 gx)

where i correspond to the module number and i + 1 correspond to the end effector. L, is the
length of the module and L is the length of the end-effector. a; can only take —a, 0 and a as
values.

4.1.2 Robot workspace

The robot workspace can be derived from the Fig. 4.1 for a given number of modules. Indeed,
by using these equations in a loop to iterate through all possible combinations of angles, all
positions that the end-effector can take can be easily calculated.

The case of a robot composed of 4 modules is illustrated in Fig. 4.2. The computed workspace
is Cartesian and thus consists of 81 positions. This discrete workspace is partially redundant.
Three of the possible robot configurations are represented by bars in this figure.

It is important to note that the workspace presented in Fig. 4.2 is established for a specified
number of modules and for a fixed base. By adding a mobile base, performing a translation,
the whole workspace can be translated by a chosen length L. If this translational guidance
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is continuous then the workspace is no longer discrete. In order to maintain this character-
istic, the translation must also be discrete. The use of discrete translation will be used in
Section 4.3.2.

4.1.3 Addressing robot configurations

In order to address the points in the workspace, it is necessary to establish a notation conven-
tion for the module states as shown in figure 4.2. In order to simplify the notations, each state
is described as a Trit. The trit is a bit equivalent belonging to the ternary numerical system, i.e.
expressed in a base 3. More specifically, a balanced ternary signed-digit representation is used.
This digit setis 2 = (1,0, 1).

Noting 0 as the neutral stable state of the tristable module (as fabricated), 1 as the second
stable state (deformed up as shown in Fig. 4.2), and 1 as the third stable state (deformed down
as shown in Fig. 4.2).

The ternary word consists of the states of all the bistable modules of the robot (here 4 modules)
and all these positions can be addressed using a 4-trit ternary word consisting of the state of
each tristable module.

The configuration corresponding to the ternary word [0000], indicates that all modules are in
neutral position and is at the central end of the workspace. Three examples of configurations
are identified by their respective ternary words in Fig. 4.2.

The size of the workspace can be increased with the number of modules. As mentioned earlier,
the number of discrete final positions follows a 3" law, e.g. by doubling the number of tristable
modules, the number of reachable points becomes 6561 (addressable on a 8-trit ternary word).

4.2 Prototype assembly and experimental validation

Based on the module design in Chapter 3, a prototype consisting of 4 modules was produced as
a proof of concept, visible in Fig. 4.3. The different modules were assembled with cyanoacry-
late glue and SMA wires have been attached to the electrical wire by means of a crimped
electrical connector.

The operating principle of the robot is shown in Fig. 4.4. The circuit diagram to control the
SMA wires is on the right side of this figure. This reminds that all SMA wires are connected to
a power supply wire. This wire runs through the centre of the structure. The actuation of an
SMA wire is done through the transistor by grounding the corresponding wire on the sides of
the structure, the dashed lines in Fig. 4.4. On the left side of this figure, the heating of an SMA
wire is illustrated, causing its shortening and the module configuration to change.

As shown in Fig. 4.3, a component of mass M, equivalent to the weight of 4 additional modules
was added to the prototype. The purpose of this prototype was to validate the operating
principle, and the extra load was used to demonstrate the ability to carry more modules.
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Figure 4.3 — Prototype with 4 modules in reference position without power supply.

Figure 4.4 — Schematic representing routing and operating principle.
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Figure 4.5 - Photos of three configurations taken by the robot with the associated ternary words.

4.2.1 Experimental validation

Each module being independent, the robot takes a shape defined by a given 4-trit ternary
word. Three of these sequences are shown on Fig. 4.5.

In order to validate the operation of the robot, a measurement of the position of the tip was
carried out for each configuration and was compared to the estimated workspace calculated
in Matlab as mentioned previously.

For each module, before assembly, a measurement of the output angles was made and an
average angle of 7.1° was observed. Afterwards, the measurements were carried out and the
results are presented in Fig. 4.6.

Three major remarks emerged from this first phase of experimentation.

The first observation is that the error between the measured position and the estimated
position is smaller when the robot is controlled against gravity. A phenomenon already
observed in the literature with other structures [41]. This result suggests that the torques
exerted may result in a greater displacement than was anticipated in the design. It can also be
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Figure 4.6 — Representation of the robot’s workspace envelope, with the estimated positions in blue
ring and the measured positions in black star. A zoom is made along the X-axis with respect to Fig. 4.1
for the sake of readability.

explained by the nature of the material used and the fact that there is still an assembly phase.
The assembly phase can bring its own set of inaccuracies influencing the performance of the
prototype.

The second remark concerns the redundancy of the workspace. For n modules, the robot has
3" output positions, many of which are redundant and useful for path planning. As describe
earlier, each addition of a module significantly increases the number of discrete positions in
the workspace. The 4-modules robot has 81 positions, but with the addition of 4 modules,
the workspace will reach 6561 reachable positions. During the measurements, due to some
mechanical backlash of the modules, some configurations that should have given the same
output position may have ended up with different values. A repeatability study will be carried
out in future work in order to exploit them to enrich the robot’s workspace.

The workspace shown corresponds to that derived in Section 4.1.2 for a robot whose base is
embedded and moves in an unconstrained space. However, the robot will be fixed to a linear
actuator to realise an insertion as shown in Fig. 4.7. Since the actuations will be performed
during a translation, this workspace will have an offset equivalent to the amplitude of the
translation.

The third point concerns the vibration of the structure during the actuations. This phe-
nomenon is more important for an actuation performed near the base than at the distal end
of the robot and is due to the change of state of the mechanism within the structure. This can
be controlled by heating the opposite wire in advance to use it as a damper. In the case of
endoscopy, the architecture can be laid over soft tissue to dampen vibrations during actuation.
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Figure 4.7 — Realistic rendering of the insertion of the robot into the body at three given moments. The
modules used in this illustration have smaller dimensions than those of the prototype. In this case, the
dimensions are those of the miniaturised modules presented in the outlook.

4.3 Inverse kinematic model and Path planning

Where traditional binary manipulator use complex algorithms based on the hyper-redundancy
of their workspace and use the density of the workspace [37, 54, 125], a geometric approach
was used to solve the inverse kinematic model [152]. This approach, although having limita-
tions if the number of modules increases significantly, allows the inverse model to be solved
in a relatively simple and efficient way.

4.3.1 Geometrical Method for Computing the Inverse Kinematics
Search for the closest position to a desired position

The first step in solving the inverse kinematic model is to find the closest position(s) that
can be reached. This step reduces the computation time to the determination of only those
configurations that can reach the defined positions.

For this purpose, it is assumed that the number of modules is known. Given the application
and the availability of preoperative images to define the length of the robot, this assumption is
considered acceptable.

Based on the given number of modules, the workspace is derived in the same way as previously.
A search is then made within the workspace for the positions closest to a desired position. For
this purpose, a tolerance is set according to the user’s needs in order to reduce or increase the
number of acceptable positions of the end-effector.

Then find the position in the workspace that is closest to a desired position, the following
approach was used:

1. Set the desired position and the tolerance for the difference between the desired and
actual positions.

2. Set the initial values of the angles.
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Figure 4.8 — Illustration of the search for the closest positions to a desired position for a 4-module
robot. The desired position is in red and the closest positions that the robot can reach are in green. The
tolerance has been increased in the case of the figure on the right. The position along the X and Y axes
is given in mm.

3. Calculate the initial position of the end-effector.
4. Calculate the difference between the desired and actual positions.
5. Loop until the difference is within the tolerance:

(a) Set the step size for adjusting the angles.
(b) Set the initial value of the cost function.
(c) Loop through all possible values of the angles:

i. Calculate the position of the end-effector.
ii. Calculate the difference between the desired and actual positions.
iii. Calculate the cost function using the difference and the step size.

iv. If the cost function is less than the minimum cost, update the minimum cost
and the corresponding angles.

(d) Update the angles with the angles corresponding to the minimum cost.
(e) Calculate the position of the end-effector with the updated angles.

(f) Calculate the difference between the desired and actual positions.
6. Return the position(s) of the end-effector.
An example is shown in Fig. 4.8. In the cases presented on the left of the figure, the set

of tolerances is such that only one position of the prototype workspace with 4 modules is
acceptable.

The necessary assumption for the existence of a solution is that for Py, the first module
position, the distance between the position of the module base and the desired position Py
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must be equal or less than the sum of the lengths of the remaining modules.

d(Pm,,Pg) <Lg+)_ Lm 4.2)

Geometric resolution of the inverse kinematic model

The working space defined above does not take into account translation. The latter will
therefore not be taken into account at first for the resolution of the inverse kinematic model.

Knowing the coordinates of a close achievable position P, and the position of module 1 Py,
itis then possible to use the geometrical approach described [152].

The principle is based on finding the position of the median module of the structure, and
then finding the position of the median modules of each sub-assembly formed. This step is
repeated in order to calculate the positions of each intermediate module. In the case of an
8-module robot, as shown in Fig. 4.9, it is first determined the position of P4, then Py» and
Py, and so on.

The median module is positioned along the height of the isosceles triangle thus described.
Since modules can only take on 3 states, there is a finite number of values that & can take to
position the module.

By varying the coordinates of Pj4, the angle of the base changes and the subset of four
modules change their configurations, as illustrated in Fig. 4.9. The angle of the base ¢ is
calculated according to the postulate of an isosceles triangle with d and c the respective
lengths of the base and a side such that

— cos-] i)
¢ =cos (Zc (4.3)

We then obtain by triangulation the coordinates of the intermediate point

cos¢
Py, =Py || . (4.4)
sin¢
6; = atan2(Puy, Q P, P, (O Pyy) 4.5)

The algorithm used is written is given in Alg. 1 and the result obtained for different desired
positions is illustrated in Fig. 4.10.

The solution method described so far does not take into account any constraints on the
acceptable workspace. Among the configurations found, a number of them may be impossible
to obtain in the context of our application. In addition, the translational guidance of the
structure has not yet been taken into account. These two elements will be taken into account
in the next section where the path planning will be discussed.
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Figure 4.9 — Inverse kinematics model parameters identification: (top) locating the mid-point for the
inverse kinematic computation and (bottom) alternative poses of a 8-modules robot for different values
of the base angle ¢.

Algorithm 1 Inverse Kinematics

1:
2
3
4
5:
6
7
8
9

10:
11:
12:
13:
14:
15:
16:
17:
18:
19:

distance —norm(end_ef fector —base)
ifdistance>2+xlink_length then

procedure INVERSEKINEMATICS(base,end_ef fector,link_length,num_joint,workspace)

throw ValueError("The end-effector cannot be reached with the given link lengths.")

end if
Initialize
Pyii=end_ef fector
fori —1tonum_jointsdo
d —norm(Pys; — base)
Minimizeh
c— Vh?+b/2?
¢ — arccos(d/ (2 * c))
Py — base + [c * cos(¢), ¢ * sin(¢h)
end for
fori —1tonum_jointsdo
Piyii — min(Pyi, workspace)
angles.append(Pys; * P, Pri@Piasil)
end for
return angles

20: end procedure
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Figure 4.10 — End-effector workspace generated for a 4-module architecture with fixed proximal end
and some configuration examples.

4.3.2 Path planning

Trajectory planning is the process of generating a smooth, collision-free path for a robot to
follow in order to reach a desired goal. There are several approaches to trajectory planning,
and the choice of approach depends on the specific requirements of the task at hand.

In the case of endoscopy, the robot will pass through the mouth to reach the stomach. It
will therefore first have to pass the curvature of the throat before being deployed in a narrow
environment where its acceptable working space will be significantly restricted.

The most simple approach to path planning is based on the direct kinematic model. This
approach is based on the total or partial withdrawal of the robot in order to re-insert it in order
to reach the new desired position. As for the first insertion, the position of the end device is
recalculated per interval based on the knowledge of the actuation sequence. It is then verified
that the user is approaching the desired position.

One advantage of this approach is that it is relatively simple and easy to implement. How-
ever, it faces the problem of managing friction with the environment in the case of multiple
reinsertions.

To address this issue, an alternative approach is to use the inverse kinematic model, which
calculates the joint angles required to achieve a desired end-effector position and orientation.
This approach is more complex, but it allows to know all the robot’s configurations before
having to insert it. This approach would for example have a potential application in the
context of preoperative path planning if one wished to deploy the robot in a semi-automatic
way to a desired position.

84



4.3. Inverse kinematic model and Path planning

By entering a larger tolerance and increasing the number of degrees of freedom, more configu-
rations can and will be found. Although this result can first be interpreted as an operational
advantage related to the hyper-redundancy of the workspace, this approach does not lead to a
clear optimal solution. It is necessary to weight each of these solutions

Dynamic programming and Hidden Markov Model to find an optimal configuration

In the field of robotics, dynamic programming and Markov Decision Process (MDP) are often
used to solve problems involving decision-making and control [23, 222].

Dynamic programming is a method for solving optimization problems by breaking them
down into smaller subproblems and storing the solutions to these subproblems in a table or
array [10]. This allows us to avoid recalculating the solution of the same subproblem multiple
times, which can be very efficient in cases where the subproblems overlap or have a recursive
structure.

Dynamic programming can be used to solve a wide range of optimization problems in robotics,
such as path planning. For example, a robot might use dynamic programming to find the
optimal path through a maze, taking into account various constraints such as the robot’s
physical capabilities and the presence of obstacles in the environment[222]. In fact, the
method of dynamic programming was originally developed by R. Bellman in the 1950s to solve
MDPs [10].

MDPs are a useful tool for modeling decision-making problems in which an agent takes actions
in a sequence of states and transitions to a new state based on certain probabilities. MDPs
are often used to model robotic systems that operate in uncertain or changing environments,
where the agent must make decisions based on incomplete or noisy information [23].

Among MDP, the Hidden Markov Model (HMM) is a type of statistical model that can be used
to represent systems that exhibit temporal dependencies and where some of the underlying
state variables are hidden or unobserved [16].

One possible use of an HMM in this context would be the estimation of the most likely
sequence of module states that the robot take over time, given some observed data such as
the robot’s end-effector positions or the joint angles at certain time steps [107, 128].

To use an HMM for this purpose, the hidden state variables that represent the joint positions
of the robot at each time step must be define, as well as the observed variables that represent
the data that are available for estimating the joint positions. Then the probabilities that govern
the transitions between the hidden states and the observations need to be specified, and use
algorithms such as the Viterbi algorithm to estimate the most likely sequence of hidden states
[138].
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Dynamic programming and Hidden Markov Model to find an optimal configuration

The Viterbi algorithm is a dynamic programming algorithm that can be used to find the most
likely sequence of hidden states given a sequence of observations, by constructing a trellis
diagram and using dynamic programming to find the path through the trellis that has the
highest probability.

It is a classic example of dynamic programming, as it involves breaking down a larger opti-
mization problem into smaller subproblems and storing the solutions to these subproblems
in a table.

To estimate the sequence of module states that the designed robot took to move from a given
configuration to an estimated position, the hidden state variables that represent the module
angle at each time step have to be defined, as well as the observed variables that represent
the data that are available for estimating the module positions. The probabilities governing
transitions between hidden states and observations must be defined and specified.

One way to write the algorithm using an HMM to achieve the above mentioned objectives lies
in the clear definition of the parameters:

¢ The hidden state variables: These correspond to the states of the robot modules at
each time step. It is a matter of defining a hidden state variable for each state of the
module, and specifying the possible values that each variable can take according to
the constraints described in Chapter III (translation for insertion or retraction, this
translation is also defined as discrete in steps of length L,, and the fact that the modules
angle can only take 3 values).

* The observed variables:These correspond to the data available for estimating the posi-
tions of the robot modules. Among the variables observed for each time step, it can be
the transmitted actuation sequence.

¢ The transition probabilities: These are the transition probabilities between the differ-
ent hidden states over time. These probabilities are defined according to the actuation
constraints described in Chapter III (for example, the actuators cannot be actuated for a
certain time after an actuation in order to simulate cooling, this time is fixed at 10 sec-
onds, and the cost of an actuation is higher the further the joint is from the end-effector).
It also includes a penalty for the number of actuations to encourage the robot to use as
few actuations as possible.

The algorithm is derived as follows and the result is illustrated in Fig. 4.11

In Fig. 4.11, the states taken by the robot are represented as a function of time. More concretely,
this deployment is characterised by an advance of the structure to reach a desired position as
shown in Fig. 4.12.
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Figure 4.11 — Determination of an optimal trajectory with the Viterbi algorithm. The path in blue is the
surviving path.

Figure 4.12 — Illustration of the steps to deploy the structure to a desired position according to an
optimal configuration defined by the algorithm. L,, is the module length.
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Algorithm 2 Viterbi Algorithm for path planning

1: function VITERBI(observations, states, start_prob, trans_prob, emit_prob)

2 viterbi_table — [start_probli] * emit_problillobservations[0]] Vi€ states]

3 path_table — [[i] Vi€ states]

4 for t — 1to len(observations) do

5: new_viterbi_table — []

6 new_path_table — ]

7 forie statesdo

8: max_prob,max_state «— max([(viterbi_table(j]l * trans_probl[jlli] *
emit_problillobservations(t]],j) Vje states])

9: new_viterbi_table.append(max_prob)

10: new_path_table.append(path_tablelmax_state] + [i])

11: end for

12: viterbi_table — new_viterbi_table

13: path_table — new_path_table

14: end for

15: max_prob,max_path —max([(viterbi_tablelil,path_tableli]) Vie states])
16: return (max_prob, max_path)

17: end function

Consideration of anatomical constraints

Once translation has been added to our structure, the last step is to add motion constraints so
that the robot can be deployed without colliding with the tissue, this is called constraint-based
motion planning.

This step was performed with python using the trimesh and OpenRAVEpy libraries. The first
step consists in importing the 3D ".stl" file of the concerned organs in order to extract a 2D
profile according to a given plane. The plane is defined in the form of a normal vector and a
point belonging to it.

The algorithm presented below allows to recover a trimesh object containing the contour lines
of the 2D profile.

Algorithm 3 Extract 2D Profile from 3D STL

1: procedure EXTRACTPROFILE(ST LFile, Plane, Point)

2: mesh — trimesh.load_mesh(STLFile)

3: profile— mesh.section(normal = Plane,plane_origin = Point)
4: return profile

5: end procedure

To define the space between the two curves obtained previously as the workspace of the robot
OpenRAVEpy was used. Once the curves are imported, they are defined as an "Environment"
and the robot model is then added. Using the "SetAffineTranslationLimits" method, the limits
of the robot’s motion can then be contained in the space between the two curves.
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Figure 4.13 —Illustration of the steps involved in anatomically constrained modelling.

Finally, the path planning can then be carried out using the Viterbi algorithm defined earlier
as decribed in Alg. 4 and illustrated in Fig. 4.13, taking into account the constraints of the
workspace.

Algorithm 4 Constraint-based Motion Planning

1: procedure MOTIONPLAN

2 Create an OpenRAVE environment

3 Load the robot model into the environment

4 Define constraints on the robot’s joints and environment

5. Define a start and goal configuration

6 Initialize the Viterbi algorithm with the robot and constraints
7. Plan a path from the start to the goal configuration

8: end procedure

4.4 Conclusion

In this chapter the direct and inverse kinematic models of the robot were successively detailed.
Although initially relatively simple, the modelling has become progressively more complex
due to the integration of translation and thermal actuation. With the exception of the direct
model, the other algorithms could only be tested in simulation.
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In the previous chapters, the validity of the proposed approach for the design of an endoscope
based on a tristable module was demonstrated. However, during the prototyping and valida-
tion phases, two issues were highlighted, namely early failure of the bistable modules despite
the sizing and the SMA wire assembly phase.

A study was therefore carried out during this thesis in order to address these two issues. The
choice to focus on these challenges is justified by a potential application beyond the scope
of this work. Indeed, it has been shown that bistable mechanisms have multiple application
fields [232, 225, 11], which makes increasing their lifetime a relevant challenge. With regard to
the problem of actuator assembly, the contribution comes from the approach used to address
it. In this case, the research was done in such a way as to print the actuators to avoid their
assembly.

Firstly, the question of the life span of the bistable mechanism, i.e. the number of cycles of a
mechanism, will be addressed. As a reminder, failures were highlighted during the experimen-
tal phases. The research approach chosen and detailed in this section to solve this problem
was to reduce the internal constraints by decreasing the degree of hyperstatism.

In the context of the work carried out in this thesis, the fatigue of the mechanisms is crucial.
Indeed, for the robot, it was assumed that the control could be carried out in open loop due to
the mechanical robustness of the architecture. However, this alteration in the behaviour of the
mechanism leads to a reduction in the controllability of the modules.

Secondly, the issue of replacement of the actuators will be addressed. The SMAs performed
perfectly well in terms of operation, but their assembly in the module remains tedious, es-
pecially because of their small size and the fact that they cannot be soldered. Technological
advances in additive manufacturing have made it possible to exploit composite materials,
such as carbon-doped filaments, synthesised for specific function with tailored properties.
The integration of carbon fibres, with good electrical and thermal conductivity, within an
insulating polylactic acid (PLA) matrix produces a conductive functional material. These
properties make it possible to manufacture modules with electrothermal actuators directly
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included, and even use them in more complex monolithic structures.

This chapter will therefore be divided into two sections. The first section deals with the
mechanical optimisation of a compliant bistable mechanism with pre-shaped beam, by
designing an improved version and incorporating it into the module of the robot. In the
second section, the design of a printable thermal actuator and its incorporation into a complex
structure is addressed. Finally, its incorporation into the module will also be discussed.

5.1 Enhanced bistable mechanism for improved lifetime and man-
ufacturability by hyperstatism analysis

The bistability is conditioned during the design by the fulfilment of geometric conditions to
guarantee its existence [165, 100]. One of these conditions is the Degree-Of-Hyperstatism
(DOH), which causes stress and fatigue phenomena within the structure.

In the literature, the fatigue problems present in flexible mechanisms due to localised repeti-
tive stresses in the elastic slender part has been studied in depth for a long time [91]. Various
researches have thus considered the improvement of fatigue life and the evaluation of reliabil-
ity [108]. Despite bistable mechanisms are also subjected to fatigue and hyperstatism, their
analyses were initially neglected and the in-depth study of the failure mechanism is still recent.
This study deals notably with the reliability and lifetime of bistable mechanisms by means of
estimators such as the product-limit [215], i.e. the Kaplan-Meier estimator. However, although
the symptom is studied, e.g. the stiffness degradation or the cumulative damage induced by
actuation, the cause is not really considered. Moreover, the axes of research exploited since
then has focused on solving part of the problem, i.e., increasing reliability by using topological
optimisation to generate better flexible joints. The mechanism as a whole has been little
studied [168]. In spite of the results of some experimental studies showing the existence
of uncertainties in the structural behaviour due to the stochastic variation of material and
geometric properties [137].

One of the most common methods used to address the problem of hyperstatism is the addition
of a thicker intermediate section, i.e. crab-like bistable mechanism [205]. This approach allows
to improve the stability, increase the triggering forces and overcomes certain approximations
made during the modelling. However, this leads to stress concentrations at the thinning points.
Although this only postpones the problem, it may be sufficient for some applications, but
when the notion of fatigue and the number of cycles comes into play, the problem reappears.
The challenge is to find the right compromise between structural modifications that minimise
stresses while maintaining the same kinematic behaviour.

The Degree-Of-Freedom (DOF) of a flexible mechanism is usually defined in the design phase.
The mechanism should have low stiffness along the desired DOF and high stiffness in all
other directions. In the literature many approaches are described to achieve this design
goal. Besides building block approaches or structural optimisation approaches, the rigid
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N=4,]J=4 N=5, J=4+2 N=6, J=4 x 2
DOF=1 DOF=0 DOF=-1

Figure 5.1 - DOF calculated for the planar mechanism according to the Kutzbach-Griibler criterion.

body replacement approach is the most widely used [93]. Because of the large number of
rigid body mechanisms, pseudo-rigid body modelling and the already available optimisation
tools make it an interesting approach. However, in this case the compliant structure already
exists and the objective is here to efficiently replace it with an alternative structure in order
to improve its performances. The use of a kinematic-based design approach, the method
of Freedom And Constraint Topologies (FACT) [88], allows the constraints of the structure
to be modelled through the screw theory. With this approach, it is then possible to reduce
the number of redundant constraint screws and to propose an enhanced structure while
fulfilling compactness requirements. When modelling flexible mechanisms using screw theory,
small deflection of the flexible segments is generally assumed. However, and although some
research has shown that it can be applied to the case of large deformation mechanisms [220],
the perspective for using this approach will be slightly different. Indeed, the FACT method
will be used from a design point of view with regard to the static state of the mechanism. The
number of constraints will be reduced as much as possible without modifying the degree of
freedom that will be used subsequently.

5.1.1 Degrees-of-freedom and constraint of a mechanism

A rigid body free of all constraints in space has 6 DOFs: 3 degrees of rotation and 3 degrees
of translation. Each link that reduces this number of DOFs is called a Degree-Of-Constraint
(DOC).

The number of DOFs of a traditional rigid body mechanism can be easily determined as the
difference between: the sum of rigid body DOFs and the joint constraints, as shown in Fig. 5.1,
by means of the Kutzbach-Griibler’s formula:

J
DOF=m((N-1-D+)_ fi 6.1
i=1

Where N is the number of bodies, including the base, J is the number of joints, f; the number
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Figure 5.2 — Application of the generalised formula [147, 6] for the determination of the degrees of
freedom of a flexible beam in the plane.

of kinematic joints that permit i relative motions between connected bodies and m is the
number of possible DOFs, i.e. 6 if it is a spatial mechanism and 3 if it is planar mechanism.
However, for compliant mechanisms, the identification of DOFs and DOCs, is more chal-
lenging due to a lack of clear boundaries between rigid and flexible parts. The uncertainty is
related to the distribution and non-linearity of the deformation of the flexure elements, as
well as to the existence of non-independent constraints. This phenomenon corresponds to
the existence of redundant constraints within the mechanism, i.e. several constraints block
the same DOE namely the DOHs.

In the case of the pseudo-rigid body model, the DOFs of a compliant mechanism can be
identified in the same way as for a traditional mechanism. This model is particularly effective
for planar compliant mechanisms without redundant constraints or over-constrained mecha-
nisms [94]. According to [147, 6], for a mechanism with known actuating forces, as shown in
Fig. 5.2, the number of DOFs is determined by the following equation:

m—1 m—1 m
DOF=m(N-1)- Y (m—j)fj— > (m—jlcj—m-ngix+Y_ j-sc (5.2)
j=1 j=1 j=1

where ¢; is the number of compliant joints which permit j relative motions, ng;, is the
number of fixed connections, s. is number of segment with segment compliance. N and
m correspond respectively to the number of bodies and the number of possible DOFs, in
agreement with what was defined for Eq. (5.1).

The limitation of this method is related to the characterisation of the DOFs calculated pre-
viously. Although they are defined as DOFs by the equation, their identification within the
mechanism is done by means of a quantification of the displacements obtained at the mech-
anism output following the application of a loading. Whenever one of the displacements is
larger than all the other ones along the same axis, it can be identified as a DOE However, this
equation does not indicate whether the DOF is a pure translation or rotation, or a coupled
motion.
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Another approach is to use screw theory [197] that also allows the analysis of DOFs and/or
DOCs of compliant mechanisms. This method is based on two screw entities, namely the
wrench, which represents the forces and moments acting on a rigid body, and the twist, which
represents a helical motion that includes rotational and translational displacements. A DOF
then corresponds to a displacement possibility and conversely a DOC to a force or moment
transmission. All the mathematical expressions will be represented by means of the FACT
method [89, 90].

5.1.2 Screw algebra

It is well known that motions and constraints can be represented by screws: twists and
wrenches respectively, that are elements of the Lie algebra of the Lie group SE(3). In an
XYZ frame, the wrench, #/, representing loading and the twist, 9, representing motion are
expressed as follows:

fx Wy
Iy Wy
Va0 L W i IS L G (5.3)
my M Uy \%4
my Uy
my Uy

where for the wrench F € R? and M € R3, two three-dimensional vectors which represent force
and moment acting on the rigid body. Similarly, Q and V are two three-dimensional vectors
which represent rotational and translational motions. The sum of all the degrees of freedom
of arigid body forms its motion space. It is therefore represented mathematically by a matrix,
[15, composed by m independent twists.

Mg=| . |= L. (5.4)

The set of twists 97, covering the motion space constitute the matrix [1g- whose m indicates
the dimension. In a similar way, the set of constraints preventing movements forms what is
called the constraint space, which is mathematically modelled by the matrix Il composed by
n independent wrenches

" F M

2 F M,

Oy =] . | = Lo (5.5)
Wiy F, M,
Again, the set of elementary wrenches #; covers the constraint space and composes the matrix
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Figure 5.3 — Constraint and freedom space of compliant mechanisms : (a) a 3-DOF leaf spring, (b)
a 1-DOF parallel spring stage, and (c) a 1-DOF double parallel spring stage use as basis for bistable
mechanisms. The illustrations show the mechanism before axial loading, but this does not affect the
analysis of the bistable.

I1y of rank n.

An interesting point to take into account is that if the matrix ITy does not fully fill the rank,
then a number of wrenches are redundant and their removal does not affect mobility.

Using the FACT method, it is then possible to give these mathematical entities a geometric
representation. Thus a one-dimensional space can be represented as a line. Two distinct
lines forming a surface can represent a two-dimensional space, etc. [89, 90]. The geometric
representation of a constraint can be compared to a rod of infinite axial stiffness linking the
body to an embedding point.

An example is shown in Fig. 5.3 through the embedding of a rigid body by means of a beam
whose t « w. This beam prevents all translations but allows all rotations in the XY plane. It
prevents rotation about the X axis and allows translation, accompanied by a parasitic motion,
along the Y axis. In screw theory, this type of beam is modelled using three ideal constraints
represented by three independent wrenches in the XY plane. These constraints are modelled
in Fig. 5.3 by two parallel wrenches, #7 and #5, to the X axis intersecting the Z axis at two
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X2 YFp Zl Rl’l Ryg RZl
1 DOF, =1 M, 2 DOH

Figure 5.4 — A rod-based version (a) of the mechanism and a hybrid rod-blade version (b) justifying the
realisation of a design with minimal constraints.

points, and a wrench parallel #3 to the X axis. Each constraint is represented by a red line and
the possible mobilities by green arrows.

By representing the spaces of constraints and motions necessary for the proper functioning of
the mechanism, which can be modelled, as follows in Eq. 5.6, with 5 independent wrenches,
it is easy to understand the large number of redundancies present in the third mechanism
shown in Fig. 5.3c., composed of 12 wrenches.

[1] 7 [o 0o o0 o 0]
0 " 11001
0 e 00110
Hg—:[gq]: L Ty = |m| = (5.6)
0 00001
W,
0 00010
Wi
0 S lo1 000 0

5.1.3 Theoretical optimal version of the double preshaped beam bistable mecha-
nism

The mechanisms described in Fig. 5.3 have shown the existence of a number of redundant
constraints inducing hyperstatism. It also reveals the impossibility of obtaining an isostatic
mechanism due to the requirement of a persistent DOH along the X axis. The description
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of the DOF in Fig. 5.3 was done according to the convention used by Henein [81], namely a
capital letter describing the type of motion (X, R,), a subscript indicating the DOC (...;) and a
superscript indicating the DOF (...F). When the DOC is strictly greater than 1, then the DOH is
equal to n— 1. A DOF may be accompanied by a subscript p, e.g. X7 indicating the existence
of a parasitic motion.

Using the method described above, it is possible to redesign the mechanism according
to our needs, i.e. a single translational mobility along the X axis. This corresponds to

T
a twist J = [O 0 010 O] , which translates in the constraint space by wrenches
where f; = 0 and thus all the ideal constraints of the constraint space are modelled by

T
w=lo fy fz Mc M, M.

In order to obtain a mechanism with a minimal number of constraints, it is necessary to
have a minimum of 5 independent and 1 redundant constraints in the constraint space. The
screw theory and FACT method allows to propose three mechanisms based mainly on rods
reducing the constraint degrees to a strict minimum, respectively represented in Fig. 5.4
and Fig. 5.6. To ensure a bistable behaviour, this mechanism cannot be isostatic, and has
atleast one degree of hyperstatism due to the need to axially constrain both sides of the shuttle.

The shape of the central shuttle, in Fig. 5.4, is due to the need to position the rods oriented
along Z so that their lines of action, dotted in Fig. 5.4, are facing the centre of rotation of the
rod oriented along X. Failure to comply with this rule leads to a variation in stiffness and an
increase in parasitic motion. Although if 3D printing is considered, a manufacturing problem
can be anticipated by replacing round section rods with square section rods (w, = t) [77].

It is necessary to evaluate the potential of such a design partially replacing beams (...”) by rods
(...") by performing a differential analysis of the stiffnesses K,;; and admissible strokes A;; :

12E1 12E1
b _ b _ r
cis — Z—S CriS BNE (5.7)
_ Ew? _ 3Ed*
B ~ 168 (5-8)

where E is the Young’s modulus and I is the second moment of area. The geometric parameters
characterising the beam are its thickness ¢, width w and length [/, and the rod is characterised
by its diameter d. The values of these parameters are given in Tab. 5.21

It is therefore necessary to express d as a function of w and ¢, in order to find an equivalent
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Table 5.1 — Design parameters in mm

Parameters E[MPa] h w l t T
classic 1820 3.6 5 147 1

Test 1
enhanced 1820 3.6 5 147 1.25
classic 1944 1 1.26 23 0.2

Test 2
enhanced 1944 1 1.25 23 0.25
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Figure 5.5 — Comparison of the permissible stroke between a beam and a rod, obtained after successively
calculating the diameter d for different ¢ — w ratios

stiffness ,
,
Kcis — Kcis
d=4 4 wt3 (5.9)
B 3

with t being always much smaller than w, and d the diameter.

Using the value of d obtained in the previous equation, we can then calculate the allowable
stroke as a function of the admissible stress, 0 ;4,:

b _ Uadmlz roo_ Uadmlz 5.10
cis 3Et ’ cis 3Ed ( : )

The graph in Fig. 5.5 illustrates the impossibility of satisfying both the stiffness and the allow-
able stroke criteria.

Furthermore, the proposed theoretical versions require a larger footprint than the conven-
tional mechanism, despite the different approach and attempts at a hybrid version based on
both beams and rods, as shown in Fig. 5.4.
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Figure 5.6 — Representation of a theoretical bistable mechanism, before axial loading and buckling of
the rods, justifying minimal constraints based on the FACT method.
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1 DOF, —3 M, 4 DOH

Figure 5.7 - Constraint and freedom space of enhance bistable mechanism

This result favours the conservation of the use of beams only and justifies the design proposed
in Fig. 5.7 and whose characterisation will be made in the following section. With this design,
which will be referred to as the "enhanced" bistable mechanism in the rest of this study, the
DOH have been reduced to an acceptable compromise.

5.1.4 Mechanism characterisation
Classical bistable mechanism

In this study, a bistable mechanism consisting of a pairs of pre-shaped beams connected to
each other at mid-length will be referred to as a classic mechanism. It is the one that was used
for the design of the modules.

All the design steps described in Chapter 3 will not be repeated, but the system of equations
governing the operation of the mechanism will be recalled. These equations are the ones
allowing the calculation of the beam shape 7(x), the bistability criterion Q, and the position
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and maximum values of the snapping forces f required to leave the stable configurations.

n(x) = g [1 - cos(Zn%)]
Q=~h/t, Q>231

16, 5 —p|By2x L, 16 1 (5.11)
top»Obot 2773 6t a2 Q2
Ewtsh32n® (4 [1 16 1
Jrop Joot=—5 =5~ |57 "\[s " o2 " @

Enhanced bistable mechanism

The removal of one of the beams to decrease the DOH requires to adapt the analytical model.
Thus, the approach considers the bistable mechanism as a parallel spring stage under the load
of an opposite spring to determine an equivalent stiffness, as was done previously for stiffness
reduction [118]. According to [171], the tangential stiffness for the single beam and for the
two-beams parallel spring stage, K; and K> respectively, can be very well approximated by

_12EI 3F,

© _ 24EI  6F
LY

and K= B B (5.12)
where F is the compression load. The conservation of the kinematics of the shuttle between
the one- and two-beam parts is linked to the dimensional conservation of the beam lengths
and to the initial configuration of the preformed beams. Moreover, in order to preserve the
bistability, the ratio Q must be maintained for all beams. Since the shuttle rotation is still
blocked with 3 blades, mode 2 is always constrained and the limit Q for the double-beam
mechanism given in Eq. 3.10 is still the reference for the bistability existence. It is then possible
to derive the relationship between the thickness of the single beam T as a function of the
thickness of one of the beams of the parallel spring stage ¢ as follows:

T3=263, T>t>tmin (5.13)

with #,,;, corresponding to the manufacturing limits of the machine. This result can also be
found by analysing the stiffness and compliance matrices, as illustrated in the Appendix A.

Given the constraints imposed and the entanglement of the parameters, there is no other
solution. By removing the footprint preservation constraint, other solutions could be found.
Assuming that there would be an asymmetrical configuration, with different profiles 7 for the
single and double beams, which would preserve the rectilinear movement of the shuttle, it
would be more voluminous and more dimensionally demanding. This result comes from the
fact that if the same amplitude of displacement § wishes to be kept, it is necessary to keep the
beam geometrical parameters of one of the two sides. Therefore, if the shape 1 is changed,
it will result in an increase in length / and thus an increase in volume according to Eq. 5.11.
Furthermore, a change in length results in the need to increase ¢ in order to maintain the
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Displacement sensor Force sensor

50mm
Enhanced bistable mechanism

Figure 5.8 — Set-up used for the experimental characterisation of bistable mechanisms.

equivalent stiffness. However, the modification of ¢ has an impact on the bistability criterion
Q, as presented in Eq. 5.11, and requires to increase the values of the apex h. Finally modifying
h induces an asymmetry of the displacement amplitude . Finding a good equilibrium in this
set of parameters in order to obtain a result equivalent to that obtained with Eq. 5.13 remains
therefore much more demanding.

5.1.5 Experimental set-up and protocol validation

In order to characterise the bistable mechanisms, the set-up described in Fig. 5.8 was used.
It consists of the same force sensor and laser-based displacement sensor as described in
Section 3.5.2.

The fabrication was carried out using two FDM 3D printers, i.e. an Ultimaker S3 and a Fortus
450 (Stratasys). The values of the parameters used for the mechanisms are given in Table 5.21
in Subsection 5.1.4.

The mechanisms were manufactured within a closed frame which was then fixed to the sup-
port by means of screws, to prevent any risk of modification of the boundary conditions during
the experiment.

The force was applied on the shuttle of the bistable mechanism and measured with mean of
the force sensor. The induced displacement was measured using the displacement sensor.
Once the measurements have been performed until the bistable mechanism is triggered, it is
necessary to reverse it to measure the negative forces.
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The classic and enhanced mechanisms were tested successively. Two tests were carried out
with a pool of 10 mechanisms of each type.

The evolution of the behaviour of the mechanisms over time was evaluated in the first test.
For each mechanism, 10 cycles were performed immediately after being manufactured, at #,
a second round of 10 cycles was performed after 7 days and a third round of 10 cycles was
performed after 30 days.

In the case of printing miniaturised mechanisms as described in previous work [12], with
t = tymin the manufacturing limit leads to amplify the problem of hyperstatism. The second
test, which aimed to assess the cycling actuation limit of the miniaturised mechanisms was
therefore evaluated under these conditions. All 20 mechanisms were triggered until failure in
order to compare the life span of a classical mechanism with that of an enhanced mechanism.

Another phase of testing was conducted to determine the effects of loss of symmetry due
to the removal of one of the four beams. To obtain this information, a measurement of the
parasitic motion of the shuttle during its travel between the two stable states has been carried
out. The laser sensor was no longer positioned in front of the shuttle motion but orthogonally.
These measurements were carried out on 6 mechanisms, 3 classical and 3 enhanced, with 6
back and forth actuation cycles per mechanism.

5.1.6 Experimental results

All force-displacement curves were averaged and plotted in Fig. 5.9 with the standard deviation
for comparison between models. The analytical model was solved in Matlab R2019B and
the finite element analysis (FEA) was performed with the native solver of Creo Simulate. The
experimental results show good agreement with the models and particularly with FEA.

Inflection points and fatigue

The fatigue state of the beams of the mechanism is visualised at the inflection points and the
evolution of the buckling modes observed between these points. The first deflection mode,
M;, of a beam corresponds to the non-linear areas of Fig. 5.9 :

M e [0’ dtop] U [dbot;dfinal] (5.14)

This means that all the high buckling modes are located in the linear zone of the force-
displacement characteristic curve. It is observed that for the fabricated mechanisms, the
deformation pattern tends to remain similar at first and then vary with time in Test 1 and with
cycling in Test 2, as presented in Fig. 5.10.

It is also observed that over time the initial configuration of the classic mechanism tends
to change. This result is presented in Fig. 5.11. As this phenomenon can be linked to a
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Figure 5.9 — Comparative graph of analytical, numerical and experimental results of the evolution of
the snapping force in function of displacement for the classic and enhanced mechanism.

combination of fatigue, hyperstatism and stress relaxation within the material [87], it is one
of the reasons for the addition of Test 2, which allows to reveal the impact of fatigue on the
mechanism.

The phenomenon of relaxation within a 3D printed structure has already been observed with
respect to the lengthening of the beams [11]. However, contrary to [11], here the frame of
the mechanism is closed and an increase of £ is observed. It should be noted that although
with the analytical model an increase in / induces an increase in the triggering force, which
is not the case here. This result can be explained, by referring to the characterisation results
obtained with an Euler-Bernoulli beam, demonstrating a more important variation of the
Young’s modulus than .

Mechanism lifetime comparison

The study of the distribution of triggering forces over time, i.e. Test 1, was carried out fol-
lowing a classification by type, classic and enhanced. The data obtained experimentally are
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Figure 5.10 - Illustrations of half-mechanisms showing the beams of classic bistable mechanisms in
various buckling mode.

Figure 5.11 — Illustration of the alteration of the initial shape of the beams due to the relaxation of the
material three weeks after printing for one of the mechanism used.

Figure 5.12 — Photograph of an enhanced mechanism made with 3D printing in its two stable configura-
tions: a. Fabricated and b. Deformed
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Figure 5.13 — Experimental triggering force f,, distribution for each of the mechanisms studied over
time.

represented using violin diagrams, Fig. 5.13 for the comparison of f;,, and Fig. 5.14 for fj,,,
allowing to switch from one stable state to the other as shown in Fig. 5.12. This type of repre-
sentation was preferred to box plots, because of the multimodal nature of the results, as they
also allow the probability density of the data to be shown at different values and smoothed by
a kernel density estimator.

Firstly, it is noted that a greater dispersion of triggering forces is obtained for the classic mech-
anism. This phenomenon persists over time for the fj,; forces. Conversely, large variations
in the density are observed for f,,, which shows that the triggering forces of certain classic
mechanisms have significantly decreased over the time. Secondly, it appears that the enhanced
mechanism shows lower dispersion, better lifespan and better repeatability.

The results obtained in the second test are shown in Fig. 5.15. The major point highlighted in
this figure is the average increase of 8% in the number of possible triggers with the enhanced
mechanism.

Parasitic error quantification

During the state change, the stiffness of the beams is highly non-linear and the shuttle does
not perform a perfect translational motion. The quantification of this phenomenon for both
variants of the mechanism is presented in Fig. 5.16. It can be seen that the amplitude of this
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Figure 5.14 — Experimental triggering force f},; distribution for each of the mechanisms studied over
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Figure 5.15 — Comparison of the experimentally measured maximum number of actuations before
breaking for each of the two variations (10 of each).
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Figure 5.16 — Evolution of the parasitic displacement of the shuttle ¢ during the state change.

parasitic motion is smaller for the enhanced version than for the classic version.

As for the force measurements, the dispersion difference between the mechanisms is par-
ticularly noticeable. This result tends to demonstrate that despite the fact that the analysis
of hyperstatism was made with respect to a static state, its reduction tends to decrease and
homogenise the internal stresses exerted during the dynamic state change phenomenon.

Benefit on manufacturing using the enhanced mechanism

Finally a study was also conducted to compare the impact of removing a beam on the man-
ufacturing of the new mechanism using the 3D printer with filament deposit. This impact
is quantified in a temporal and quantitative way, i.e. to compare the evolution of the manu-
facturing time as well as the quantity of material used during the printing. For the enhanced
mechanisms a decrease in printing time of 20% and a 16% lower material requirement is
observed.

The difference in the amount of consumed material can be easily explained by the fact that T <
21;. The consequences can be seen in the analysis of the geometrical commands interpreted
by the printer, and more particularly in the commands instructing the extrusion of the material
as well as the extrusion speed, as explained in Fig. 5.17. The decrease of the amount of material
correspond mainly to 3 printing sequences, corresponding to the printing of the outer wall, the
skin and the travel time whose decreases are 21%, 17% and 33%. This result must be weighted
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Figure 5.17 — Extraction of information from the G-code commands of a 3D printer.

by specifying that the reduction of the time of printing, related to the extrusion of material, is
done mainly at the time of the printing of the external wall. This section being composed at
98% of G1 command coding for a linear displacement accompanied by a material extrusion.
It is also to be noted that the arguments coding for the height of the deposited layer, Z, and
for the speed of displacement, E have been constrained in the same way for both types of
mechanism, as well as the number of slices. The elimination of three factors responsible
for premature fatigue in functional 3D printed mechanical parts described in the literature
was also considered [186]. The factors considered are the orientation of the raster angle,
the presence of a central neutral fibre in the beams and the optimisation of the parameters
according to the material characteristics.

The proposed enhanced mechanism thus reveals to have not only behavioural interest, as
detailed in the previous sequence, but also in terms of time and material costs, at least in the
context of 3D printing.

5.1.7 Integration of the new bistable mechanism within the module

After modelling and experimental validation of the three-beam bistable mechanism, it was
printed on a reduced scale for implementation in the module. Fig. 5.18 shows the operation of
the module containing the improved version of the bistable mechanism. The two cases where
the mechanism has to maintain the deformed configuration are illustrated.

This first conclusive result makes it possible to consider using this module for the design of
new versions of the robot. However, a new study of the durability of this new version of the
module needs to be carried out.
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Figure 5.18 — Illustration of the operation of the module including the 3-beam bistable mechanism.

Figure 5.19 - Electrical representation based on a resistor set equivalent to the monolithic positioning
system.

5.2 Fully 3D printed module with integrated actuation system

The miniaturisation of traditional devices such as electric motors, pneumatic and hydraulic
actuators comes at the cost of a significant decrease in performance [159]. Thus, in Chapter 2,
the main families of actuators that can replace traditional actuation technologies were intro-
duced. These include thermomechanical actuators [162], some of which can be regarded as
flexible mechanisms. U-shaped [101], V-shaped and Z-shaped actuators [227] are the three
main thermomechanical flexible actuators able to produce planar displacements. In addition
to being scalable, these actuators can be included in the design phase within the structure
and can be integrated monolithically with the other mechanical components.

Technological development related to the additive manufacturing method and the research
for new types of materials have led to more freedom in design. Composite materials, such as
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Figure 5.20 — Schematic representation of the analytical modelling of the actuator

carbon-doped PLA, obtained by infusing carbon fibres into a polymer matrix, have resulted in
a functional material with improved mechanical behaviour and new physical properties [113].
Carbon fibres are particularly known in engineering for their good mechanical characteristics
due to their crystalline structure. They also have good conductive properties due to the sp?
hybridisation of the carbon atoms. The initially insulating polymer becomes, for a minimal
inclusion of carbon fibres, a conductive composite material. The characterisation of such
materials and their electrothermal properties is a hot topic of research [113]. The design of
actuators based on doped material, e.g. carbon doped resin, using Joule effect and thermal
expansion have already been investigated [207].

In order to replace the assembly phase linked to the incorporation of shape memory alloy, a
new design was then proposed incorporating V-shape actuators in order to actuated the mod-
ule. The proposed design idea is represented in Fig. 5.19. In this illustration, the conceptual
design is introduced and the electrical counterpart is designed to isolate the two actuators.

One major limitation is the manufacturing process. This material is demanding for the printer
feeder as it is very abrasive. The use of this material is therefore incompatible with the printer
used for the down-scaled module, i.e. the Stratasys Fortus 450, and, to the author’s knowledge,
there is no commercial carbon/metal doped resin available to use stereolithography as an
alternative.

Thus, in order to prove the interest of this approach, it was chosen to design a positioning
platform based on the same actuator but in macroscopic size printable with an Ultimaker S3.

5.2.1 Design and modelling of the electrothermal actuator

In order to build a 2D positioning system, V-shaped actuators will be used. Z-shaped actuators
showed lower performance in terms of output force and motion [227], and since rectilinear
motion is expected, U-shaped actuators are excluded. The V-shaped actuator consists of two
beams, inclined at an angle of «, fixed to a central shuttle on one end and an anchor on the
other.
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Figure 5.21 — CAD model illustration of the V-shaped electrothermal actuator and parameter identifica-
tion.

V-shape actuator analytical model

The design and functioning of this actuator are based on the use of carbon fibres within the
PLA. When a voltage is applied to the actuator, the natural electrical resistance induces Joule
heating. The temperature generated leads to thermal expansion, symmetrically varying the
length of the beams and thus causing the displacement of the central shuttle y. Consequently,
the analytical modelling of this type of actuator is done in two steps, a first step to model the
electrothermal effect and a second step to model the thermomechanical effect, as shown in
Fig. 5.20.

Electrothermal Model

When a voltage is applied, the heat generated by the Joule effect is dissipated simultaneously
by radiation and convection until a steady state thermal equilibrium is reached. Both of this
thermal mechanisms can be neglected at first with small scale actuator. According to [228],
the average temperature increase along the beams AT}, is defined as function of the input
voltage U, geometrical parameters of the beam I1 and the material properties Q as follows:

1 L
ATy = Z/ (Ts — Tp) = QUIU? (5.15)
0
with,
1 m (1 - eLr)Z ( 1-et ) (5.16)
= , = + + .
Q kap relit T\ Telr A

whereI' = \/k,/(ktp), Lis the beam length, k, is the thermal conductivity of the air, k is the
thermal conductivity of beam, p is the electric resistivity. The calculation details of ¢ and
%, which are depending on the geometrical parameters, shown in Fig. 5.21, are presented in
[228].
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Figure 5.22 — Temperature distribution within the actuator based on the analytical model.

In Fig. 5.22, the temperature distributions along the actuator, analytically calculated, is given
for U = 50V. The shuttle has the highest temperature due to its greater resistivity. The
temperature of 60 degrees is the limit for PLA before glass transition. Exceeding this glass
transition temperature in real case will result in a change in the behaviour of the material,
which will tend to a plastic deformation.

Thermomechanical Model

According to [228], considering the symmetry of the actuator and the shuttle as infinitely rigid
and not subject to thermal expansion, then the shuttle displacement is obtained from the
following Castigliano theorem:

) L N ON L' M oM

y=ALrsina— ——dx - ——dx (5.17)
o EAp OP o EAp OP

where ALy is the axial elongation of the beam linked to thermal expansion, « is the inclination

angle of the beam and Aj the beam cross section area. M and N are the bending moment and

the axial force on the beam. E is the Young’s modulus of the beam material. This equation can

be simplified by substituting boundary conditions, such as

AT,

p | (5.18)

@
y=|al®sina - L—)
EAy

where «a is the coefficient of thermal expansion and ® = L%/ (hg cos*O + L% sin?0). Ly is the
distance between the two anchor points of the beam. The elements of the left-hand side of
Eq. (5.18) thus represent the flexibility of the actuator in response to the temperature and in
response to an external load P. The load P will be the spring force of the actuator mounted in
opposition in the case of the positioning system, as shown in Fig. 5.31.
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Combined actuator models
By combining the two models, Eq. (5.18) can be rewritten as follows :

Lol U?
=|aLly'sin0QT ————— .
y (a ol sinfQ EAbCOSH) p 19
U2
= (Kl—Kz)( P) (5.20)

By modelling the force related to an input voltage as a spring pushing the shuttle, the equation
for the force F produced by the actuator can be obtained as follows [228]:

F=¢U?—P with 5:% (5.21)
2

5.2.2 Design and analysis of a proof of concept: the XYZ0 positioning system

The positioning system is based on an arrangement of several components that allow different
motions in the workspace as shown in Fig. 5.23. Fig. 5.24 shows a top view of the platform
with the identification of the three major components dimensioned here, namely the system
allowing linear displacement along the X and Y axes, in a dashed line, the system allowing
the rotation around the Z-axis, outlined in a solid line, and the linear displacement along Z in
profile view and framed by a dotted line. The rotational guiding component is present twice
in a symmetrical manner in order to be able to carry out clockwise and counter-clockwise
rotations. These components will be successively characterised in this section.

Compliant mechanism for X and Y linear motions

Operational principle

The first component of the platform studied is the compliant mechanism allowing a two-axis
linear movement, as illustrated in Fig. 5.25. This mechanism consists of a central shuttle
and four actuators in opposition two by two. Each actuator is connected to the platform by
means of a beam and a flexible joint, i.e. circular hinges. The choice of a circular hinges
rather than the more kinematically efficient crossbar pivot joint is related to the 3D printing
manufacturing process. A circular hinge is easier to print because of its flat geometry and are
less cumbersome. These passive links allow the platform to move in the workspace in response
to the actuators, as shown in Fig. 5.26. When a force F is produced by one or two actuators,
the platform changes its position according to single or dual axis components, O’ = (6,6 y) T
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Figure 5.23 — Structure of the 3D-printed monolithic XYZ6 positioning system.

Actuation against opposite actuators

The actuators are in opposition two by two. When one is actuated, the other is loaded and
deform. It is therefore necessary to calculate the force-displacement relationship of the
actuator at rest when it is loaded. This quantity allows to know the minimum force F that
the active actuator must provide to deform the one at rest depending on the geometrical
parameters of the actuator, i.e. a the angle of inclination of the beams and L the length of the
beams. The force-displacement characteristic curve of this pre-shaped mechanism has two
domains. A linear domain in which the evolution of the force f, is calculated as follows [100]:

f:8n2EIsina(é_ y )
(L2 \3 Lsina

(5.22)

And a non-linear domain where the relationship between the force f, the normalized axial
force N and the deformation generated by the active actuator y is calculated according to
[100], as follows:

Elsina N3 N? y
= - (5.23)
8(L)?2 | N N |\N2-472 Lsina
— —tan—
4
3 tan’(N/4) tan(N/4)) , 4m? N? N27?(N? - 87?)
+ - f - f+ - - =0
16 N4 3 (N/4) (N2 —472)2 12(Lsina/ wp)? 4(N2 —472)2

(5.24)

where I is the quadratic moment of the beam and N = +/u(2L)%/(EI) with u the axial force.
The solution is given by a numerical method.
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10

Figure 5.24 — Structure of the 3D-printed monolithic XYZ6 positioning system (unit: mm). The move-
ments allowed per component are indicated by the arrows.
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Figure 5.25 — 3D-printed monolithic compliant mechanism for XY linear guiding (unit: mm).

Compliant mechanism for rotational guiding

The achievement of a pure and large rotational motion with flexible mechanisms is less
trivial. Among the solutions presented in the literature, the flexible butterfly pivot was chosen.
This choice was made due to the amplitude of movement allowed by this type of joint, the
optimisation of which can lead to angles close to 8 = 7/2, and the small parasitic shift of the
centre of rotation.

This joint was described by Henein et al. [81] as a series connection of four RCC (Remote
Center of Compliance) pivots with two beams, shown in Fig. 5.27. The four pivots have the
particularity of having the same centre of rotation. The performance described above is due
to this high degree of symmetry.

Angular stiffness and admissible angular stroke
The calculation of the angular stiffness of an RCC connection is defined by the ratio between
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Figure 5.26 — Operational principle of the linear compliant mechanism for two axes translational
motions.
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Figure 5.27 — 3D-printed monolithic compliant mechanism for 0 rotational guiding (unit: mm).

the moment applied to the joint M and the resulting angular motion 6. According to [82], this
stiffness can be calculated according to the following equation:

M 8EI 3p 3p?
__=_(1+_P+L) (5.25)

=9 T E

With p and I the geometrical distance parameters shown in Fig. 5.28. The applied moment
generates mechanical stresses in the beams with a maximum value at the central anchoring
point. The maximum admissible angle stroke can be derived according to the admissible
stress o gqm [82]:

Oadm I

~ EwRI+3p) (5:26)

gadm

with w the thickness of the beam. A version with a reinforced structure against out of plane
motion, inspired by previous work [195], should be considered if there is a need to increase
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Figure 5.28 — Schematic of a two-blade RCC pivot and its integration into a half-pin (symmetrical on
both sides of the axis)

transverse stiffness. The stiffness Ky and the angular deflection 8,4, r are then written:

© _E1a2+al+4(12+31w+3w2) (5.27)
OIR = (I-a)(@+al+12) '

40 4qm (1—a)(@® +al+1?)
0 = 5.28
admR= g " @2+ al+ 2121 + 3w -

with a the length of the reinforcing element, as shown in Fig. 5.28.

Actuation of the Butterfly joint

When sizing the actuator, two elements must be taken into account. The force to be produced
and the displacement. In order to limit the size of the structure, the constraint was set to use
an actuator identical to those used for the linear guide. This constraint allows a dimensioning
with equivalent stiffness. In other words, the sizing is done in such a way that the stiffness
of the butterfly link is equal to that of a V-shaped actuator at rest [86], which means that the
equations are solved according to whether the joint is reinforced or not:

2nE(12Icos?6 + A, L?sin®6)

Ko = Kgir = Ka = 73 (5.29)

Assuming that the arc A produced by the force F can be approximated by a linear motion
because of the small angles, A = Ax, it is then possible to express the achievable 0, as

A
l+p+d

A
l+p+d

(5.30)

Omax = atan(

where d is the distance between [/ and the anchor on the actuator as shown in Fig. 5.29. In
order to allow control of the rotation in both directions, the choice was made to stack two

118



5.2. Fully 3D printed module with integrated actuation system

Figure 5.29 — Schematic of a two-blade RCC pivot and its integration into a half-pin (symmetrical on
both sides of the axis)
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Figure 5.30 — 3D-printed monolithic Z linear guiding (unit: mm).

butterfly joints on top of each other, with an offset by an angle = #/2. Each of these joints
was operated by an independent actuator.

Implementation of a motion along Z

The addition of the Z-translation was achieved by adding a variant of a thin parallel spring
stage, as shown in Fig. 5.30. This mechanism was designed to rely solely on the principle of
thermal expansion due to the passage of an electric current. On the same principle as the
thermal actuator used, following the application of a current, thermal expansion due to the
Joule effect will allow the central shuttle to move along the Z-axis.
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Figure 5.31 - Electrical representation based on a resistor set equivalent to the monolithic positioning
system.

5.2.3 Voltage distribution in the monolithic in the XY compliant mechanism

In order to produce the 2D positioning system, the insulation of the part between the different
actuators must be done. The first approach is only relevant for certain category of 3D printers,
able to extrude different materials during the same printing process. This option offers the
opportunity to print the entire platform as a single rigid piece by connecting the actuators,
printed in carbon PLA, with an electrically insulating polymer, as shown in Fig. 5.32a.

The main contribution is done for single extruder printers, in order to make it compatible
with the largest number of printers, the phenomena of electrical and thermal conduction
in the design have to be considered, as shown in Fig. 5.32d. The first step is to model the
mechanism as a series of resistors. A perfect electrical insulator has infinite resistance, which
can be expressed in the design, according to Fig. 5.31, as R, > R;. In order to increase the
resistance R, the length / and resistivity p have to be maximised and the cross-section s has to
be minimised, according to the following equation:

R=p- 5.31
ps (5.31)

Although the material has become conductive due to the carbon, it must be considered that
it retains a high electrical resistivity. Then, the conductive properties of the printed material
are dependent of the orientation of the neutral fibres, which is defined by the direction of
movement of the nozzle. According to [49], a 100% infill pattern with lines was then chosen to
maximise the electrical resistivity.

During the design process, the application of a simple pattern allowed the cross-section to be
reduced by exploiting the smallest printing parameters allowed by the printer. The pattern to
reduce the cross-sectional area was also chosen to exploit the laminar flow cooling properties
of the heat sinks and thus avoid heat conduction to the adjacent actuators.
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Figure 5.32 — Finite element simulation result for a 2D positioning system. (5.32a) represents the CAD
of the positioning system manufactured in bi-material. (5.32b) and (5.32c) illustrate the simulation
results obtained by FEA following the actuation of the left actuator and the left and bottom actuators.
(5.32d) represents the CAD of the monolithic positioning system. (5.32e) and (5.32f) illustrate the
thermomechanical and electrothermal FEA results of the same simulation, following the actuation
of the left actuator with the monolithic positioning system. The sub-figures (5.32d)(5.32¢)(5.32f) are
illustrated in perspective in order to visualise the pattern used to increase the resistance of the sections
between actuators.

Hence, from the previously calculated maximum force of the actuator Fy,,y, it is possible to
define the maximum deformation and thus the maximum displacement of the positioning
system platform. Knowing F,,,x and y;,4x of the actuator calculated in the electro-thermo-
mechanical model, it is then possible to define the expected motion of the manipulator.

5.2.4 Finite element analysis and experimental characterisation
Multiphysics Finite Element Analysis

The multiphysics numerical simulation was performed with the ANSYS solver implemented
in Creo Parametric 6.0. The analyses were conducted by coupling the electrical, thermal and
mechanical fields. The geometrical parameters used for the XY compliant mechanism are
shown in Tab. 5.2. The properties of the material used in the simulations are derived from
an experimental characterisation phase, i.e. the Young Modulus E’ and the resistance R, as
explained in Subsection 5.2.4.

The model is set to couple the multiphysics phenomena, while assuming constant materials
properties. In other words, the electric current flowing through the actuator will heat the
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Table 5.2 — Design parameters

Material parameters
E[MPa] E [MPa] R[Ohm] R [Ohm] p[Ohm.m] d[Kgm™] k[Wm 'K}

3300 3140 800-1200 900 0.06 1150 0.366
Geometric parameters
L [mm] a Lo [mm] t; =t [mm)] W, [mm)] wp, [mm] L [mm]
30 5 29.89 2 8 0.8 2

material, but the increase in temperature and deformation of the material will not affect the
current. Non-linearities will be integrated in future optimisation study.

For the thermoelectric simulation a voltage was applied to the conductive material and thus
simulate heat generation by Joule effect. The faces of the actuator are set to a convective heat
boundary condition, simulating the air temperature around with the heat flux option.

The simulation results for the positioning system are shown in Fig. 5.32. Simulations have been
carried out for a dual-material positioning system and for a single-material positioning system.
Simulation results with one or two actuators operating simultaneously are presented Fig. 5.32b
and Fig. 5.32c. The feasibility of the single-material mechanism is shown in Fig. 5.32e and
Fig. 5.32f corresponding to the same simulation, illustrating mechanical and thermal analysis
respectively.

The stroke of the mechanism is almost the same as for the mechanism with insulating material,
which proves that the design does not affect the performance. The electro-thermal simulation
shows that the temperature in the actuator, through which the current flows, does increase.
It also shows that the temperature in the other actuators is not affected by the heating. The
actuators can therefore be controlled independently.

The butterfly joint simulations validated the stiffness design model as the actuator achieves
the same order of magnitude of displacement as previously with the linear guide for the same
temperature, as shown in Fig. 5.33. This performance is slightly lower for the monolithic
mechanism, as shown in Fig. 5.34. The result for a coupled actuation at a temperature of
40°Cis a displacement of 2.03mm in X, 1.97mm in Y, 1.2mm in Z and a rotation of 3.8°. For
a maximum temperature of 58°C, the maximum rotation is 5.85° for one butterfly joint and
thus 11.7° for two. This movement can be coupled with displacements of 4.1mm along X and
Y and 2mm along Z. According to these results, the platform moves in a simulated space of
105.6mm>.

Experimental characterisation of the material

The material used for these experiments is Original Carbon Fiber PLA (Proto Pasta). It was
printed with an Ultimaker S3 at an extrusion temperature of 240°C degrees, at a speed of
30mm/s on a bed heated to 60°C.

122



5.2. Fully 3D printed module with integrated actuation system

Fixed

Figure 5.33 — Finite element simulation result of the rotational guiding system (displacement in mm).

Resistance R’ was measured with an ohmmeter. The sample to be measured was placed
between the probes of the ohmmeter. The resistivity p was then calculated according to
Eq. (5.31). Electrical heating performance of the sample was determined based on surface
temperature with various applied voltages while using a DC power supply. The range of
applied voltage was from 20V to 50V with 5V intervals. As the contact could not be made by
soldering, it was made by means of a screw-nut embedding. A K-type thermocouple was used
to measure the surface temperature after applying different voltages.

The mechanical characterisation of the material was carried out with the FK50 force sensor
(Sauter) and the LK-H152 laser-based displacement sensor (Keyence), as detailed in [11]. A
beam was printed with carbon-PLA and the Young’s modulus E’ was characterised using Euler
Bernoulli’s relationship between applied force F and measured displacement o:

FI3

E'=—
351

(5.32)
where I the quadratic moment of the cross section and L the length of the beam. The charac-
terized Young’s modulus is 3140MPa, which is consistent with some earlier characterisation of
the material [55].

Experimental characterisation of the V-shaped electrothermal actuator

The behaviour of the actuator was characterised experimentally by means of the experimental
set-up shown in Fig. 5.35. The shuttle displacement was measured for different voltage values
ranging from 10 to 50V in 5V steps and with a return to room temperature in between. The
experimental results are presented in Fig. 5.36. The experimentally measured values are in
good accordance with the results of previous models.
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Figure 5.34 — Finite element simulation result of the monolithic XYZ6 system (displacement in mm).

Displacement sensor

T

Actuator

Figure 5.35 — Experimental set-up for the characterisation of the electro-thermal actuator

At 55V, the temperature of the measured actuator was 64°C, i.e. beyond the glass transition
phase indicated by the manufacturer. It is noted that after reaching this temperature, the actu-
ator does not recover its initial configuration. The displacement sensor indicates a position of
0.13mm despite the mechanism returning to room temperature.

Experimental characterisation of the positioning system

The performance of the positioning system has been analysed using the same equipment as
before, as shown in Fig 5.37. After applying a voltage to one of the actuators, the displacement
of the central shuttle was measured using the displacement sensor. By driving an actuator
with a conservative voltage of 50V, an average motion range of 3.34mm is achieved, as shown
in Fig. 5.38. This also corresponds to a total motion range of 6.68 mm along each axis. For a
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Figure 5.36 — Displacement obtained for the electrothermal actuator as a function of the input voltage.

Figure 5.37 — Experimental setup of the XY positioning system.

given desired position, the manipulator was operated 21 times with a open loop voltage of 40V.
The average displacement measured was 2.17mm and the standard deviation was 0.19mm. An
error of 17% is found between the actuator estimated and measured values. However, an error
of only 4% is found between the measured and estimated force-displacement relationship
with respect to the opposite actuator. In line with the fact that these are preliminary results
obtained with an open-loop control and with a 3D printed composite material, thus particu-
larly non-linear, the error obtained shows that the order of magnitude of the model estimates
is satisfying. As presented in Tab. 5.3 and in Tab. 5.4, given the millimetre range of motion
achieved, the objective of designing a compact and low-cost positioning system is successfully
achieved. The presence of nonlinear effect requires the implementation of control strategy in
order to achieve a precision positioning. The precepts are introduced in the following section.
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Figure 5.38 — Experimental characterisation of the XY positioning system. The numbers on the dials of
the Keyence sensor show the displacement in centimetres. The top image (a.) represents the initial
state and the middle (b.) and bottom (c.) images show the amount of displacement in the direction of
the arrows in response to an actuation.

Carbon composite is still a fairly demanding material and requires a number of fine tunings of
the printer to achieve a structure as complex as the one presented in Fig. 5.39. Despite this,
the individual performance of the actuators within the platform allows linear displacements
of up to 3.8 mm and a Z-displacement of 1.9 mm, i.e. a real handling space of 86mm, in
agreement with the simulation results. However, these performances tend to decrease during
coupling due to some plane contacts or surface alignment. These preliminary results are
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Figure 5.39 — 3D printed monolitic XYZ6 positioning system

Table 5.3 — Performance comparisons between the proposed XY positioning system and previous
reported parallel stages (*FEA results).

Ref Actuator Dimension [mm] Motion range
[64] piezoelectric 50x50x10 14,32x14,32 [um]
[217] electromagnetic 120x120x25 11,75x11,6 [mm)]
[230] theoretic* 300x300x27 5x5 [mm]
[76] theoretic* 200x200x10 4x4 [mm]
Proposed electrothermic 92x92x2 3,7%3,7 [mm]

encouraging, but further researches are needed before the control system proposed below can
be considered at this time.

5.2.5 Control strategy of the actuator

The temperature rise takes much longer than the temperature-position conversion time,
=TS

which induces a large dead-time 7, as shown in Fig. 5.40. The process is modelled by 1o 75
identified from an open loop step response shown in Fig. 5.40. The Broida method was chosen
as the identification method because it is adapted to a stable system with a delay. It consists
in observing the response and assimilating it to the response of a first order system (of time
constant T), with a delay 7. The 28% and 40% ordinate points (giving respectively the times #;
and ?,) allow to calculate T and 7 by the formulas [18]:

1=2.84-1,80 (5.33)

T=55(-1) (5.34)
AD

k=— (5.35)
AV
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Table 5.4 — Performance comparisons between the proposed XYZ@ positioning system and previous
reported parallel stages (*estimated).

Ref Actuator Dimension [mm] Motion range [mm]
[79] piezoelectric 105x105x105 1.5x1.5x1.5
(XYZ]
[194] 200%x200x1 0.369x0.369, 1.28°
(XYO]
[131] linear actuator 250x 250x% (2)* 2.5x2.5,10°
(XYO]
Proposed electrothermic 206x109x21 3,8x3,8x2,10.85°
(XYZ0]

Figure 5.40 — On the left, the step response of the system representing the displacement of the actuator
as a function of time following power-up. On the right, the intermediate response of the system where
the temperature evolution after power up is represented. The delay is present during the temperature
rise of the system.

where k is the static gain of the system equal to the ratio between the output displacement
and the input voltage.

The delay has already been observed in previous research using carbon-doped polymers [231].
By considering the time delay of some composites, it can be supposed that it is related to the
quantity and quality of the carbon doping [7]. According to this hypothesis, which should be
verified, a high carbon saturation could reduce or even cancel the delay as the behaviour of
the composite would tend to approach that of a conducting material.

The use of a PID would be limited since the time delay would enter the loop and considerably
decrease the performance of the control. A Smith predictor is a predictive controller designed
to control systems with a significant feedback delay and here proposed with a PI controller.
The PI controller is therefore set for a process without delay and then a final controller for
the process with delay is calculated from the previous one, as shown in Fig. 5.41. After prior
identification of the process, k' = k, 7' = 7 and T' = T are set to have a process modelled as a
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Figure 5.41 - Structure of Smith predictor based on PI control strategy.

Figure 5.42 — Shematic of the experimental set-up used to validate the actuator control strategy and
step response in open-loop, with the PI controller and with the Smith Predictor.

first order system. According to [18], the PI controller was tuned such as T; = T and K =0, 7—k.
The step response of the system is shown in Fig. 5.40. The validation of this control strateTgy
was done using the set-up illustrated in Fig. 5.42. In view of the preliminary experimental
results, this control strategy seems encouraging.

5.3 Conclusions

After demonstrating for the classic double preshaped beam the existence of a large number
of constraint redundancies using the FACT method, the modelling of a theoretical bistable
mechanism with a minimum of constraints was presented and then adapted to meet the
constraints of compactness and manufacturability.

The results show the interest of using this enhanced mechanism rather than the classic version.
Indeed, the enhanced mechanism has shown improved reliability and repeatability in terms of
actuation forces after manufacturing and improved lifetime. This result shows that reducing
hyperstatism allows a better tolerance to fatigue and relaxation phenomena of the material.
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Therefore the enhanced mechanism shows a significant improvement over the classic one.

In a second step, the use of doped polymer to design integrated actuators was demonstrated.
Here, it was shown that a proof of concept was available to investigate a method of fabricating
the model with its actuator assembly. To the best of the author’s knowledge and according to
the latest reviews of the literature on electroactive polymers [4, 46, 207, 187, 179], this is the
first 3D printable electro-thermo-active structure with built-in actuator.
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Conclusion

The work carried out in this thesis is motivated by the design of new robotic architectures to
assist the surgeon due to the increasing complexity of MIS procedures. The target application
is the subject to strong constraints inherent to the procedures exploiting natural orifices
as access. The robot must be extremely compact and able to follow complex trajectories.
The approach taken to address these issues has been to move away from traditional design
methods and focus on designing an elegant robotic architecture based entirely on compliant
mechanisms. In this thesis, the design, modelling, fabrication, and control of a digital snake
robot are presented. This robot is based on a tristable module that allows the generation of a
discrete and redundant workspace and its control without the use of sensors.

After presenting the background and approaches developed to enable minimally invasive
surgical procedures, the interest of hyper-redundant robots and digital robots is introduced.
These robots are based on an arrangement of binary actuators to reach precise positions in a
discrete working space using simple open-loop control.

The main objective of this research is to propose a new design of snake-like robots allowing de-
ployment in confined spaces, simplified control, and minimal space requirements. The choice
of a serial architecture responds to anatomical constraints and multistable mechanisms are an
alternative to traditional mechanisms due to downscaling constraints. The design, fabrication,
kinematic modelling, and control of this robot represent the core of our contributions.

Our contributions to the design part include the development of a tristable module from a
combination of compliant mechanisms by exploiting their stability to maintain a certain con-
figuration. The chosen approach has allowed us to propose a monolithic elementary module
that generates 3 stable configurations. The specificity of being able to be manufactured in a
monolithic way allows to avoid tedious assembly phases and to avoid precision defects linked
to the mechanical play. A study for dimensioning the previous compliant mechanisms was
then carried out by finite element simulation in order to validate the dimensions and the
choices made. It has also been correlated with an experimental validation.

This module has made it possible to propose a new snake-type robot architecture. Its construc-
tion and analysis have highlighted the interest of the design work carried out at the module
level.

In addition, we proposed an enhanced design of the bistable mechanism allowing ton in-
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crease its lifetime and mechaninal performance. This solution was tested and validated in 3D
printing, where it demonstrated the possibility of obtaining a better longevity and manufac-
turability of the mechanisms.

Thanks to 3D printing of composite materials, we also have demonstrated the feasibility of
manufacturing monolithic architectures integrating both mechanisms and actuators. This
approach has allowed us to propose a particularly compact XYZO positioning system that can
be directly used after being printed. This approach also allowed us to validate a hypothesis of
replacement of the actuators within the mother structure of this thesis and to remove from
the assembly phase its most constraining step.

The kinematic modelling of the direct and inverse robot allowed us to calculate and define the
reachable positions of our robot. A geometric method is used to derive the inverse kinematic
model. This approach reduced the usual difficulty encountered due to hyper-redundancy.
The first open-loop control tests have been carried out with the proposed robotic architecture
and give a glimpse of the capabilities of this robot.

A preliminary control strategy was also investigated to control the thermal actuators of the
positioning platform and showed promising results.

From an application point of view, this work provides several interesting results. The use of a
system that is fully and easily controllable by the surgeon facilitates its acceptance and also
reduces the learning time. In addition, its ability to maintain a configuration could relieve
the surgeon of the task of performing the operation. It could be much less traumatic for the
tissues of the oesophagus. The memorization of the previous configurations by the modules
makes it possible to consider the automation of the removal without having to exert a traction.

Finally, this works set the path of designing multistable snake like robots for surgical robotics
with a proof of concept giving promising results. Different aspects of this work need to be
pursued, but in the end, all aspects of robotics will have been addressed to provide an elegant
and functional solution.
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At the end of these three years of research, many aspects remain to be explored based on this
work. In this chapter, three of the major aspects for which work has already been initiated will
be detailed. The choice has been made to present them in the order of research progress. In the
first section, miniaturisation by additive manufacturing will be discussed. In the next section,
the distribution of the control system within each module and the means of inter-module
communication will be addressed. In a final section, the prospects of extension to a second
bending plane and the development of a functional head module will be considered.

6.1 Explore areas for improvement in 3D printing

The manufacture of the 4-module prototype and experimental characterisation validate the
theoretical considerations and the viability of this approach. Although this prototype has
allowed the first tests to be carried out, it is still too large to be used even for tests on phantoms'
by surgeons. The challenge is therefore to build a miniaturised and monolithic version of the
module.

6.1.1 Stereolithography (SLA): a miniaturisation approach

During the successive manufacturing phases, it was apparent that additive manufacturing
by fused deposition would not allow the fabrication of a module small enough to be used in
the medical context. The resolution of the machine is no longer sufficient to allow further
miniaturisation. Other manufacturing processes provide better resolution or use materials
whose behaviour is more reproducible, e.g. the stereolithographic printing. This approach
allows for much greater precision because it depends on the size of a pixel.

However one of the encountered issues was the lack of prior characterisation of the resins
used. In addition, SLA printing is based on the use of photomasks, unlike G-code for FDM. A

1 Test phantoms are devices that can be used to test and evaluate the performance of a device, such as the
proposed robot, while simulating human anatomy.
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Figure 6.1 — Photograph of miniaturised modules obtained by stereolithography (in grey) and represen-
tation of the achievable workspace, and some configurations (solid, dashed and dotted lines), with a
prototype of equivalent length but composed of the miniaturised module.

trial-and-error test phase and refinement of the printing parameters was therefore carried out,
following which scaled-down versions of the mechanism were printed.

The SLA printed modules are 33% smaller than the original prototype modules, as shown in
Fig. 6.1. They are then characterised in the same way as the prototype mechanisms, and the
maximum angle obtained is £6.30. For a prototype of the same length as the one studied
in this work, but composed of miniaturised modules, the working space becomes much
larger, as shown in Fig. 6.1. In terms of size and performance, this result allows the proposed
architecture to become clinically acceptable, as shown in Fig. 6.2. With this manufacturing
approach, it is possible to consider reducing the size of the module by a further 10%, which
would make it viable for the vast majority of anatomical curvatures.

6.2 Implementation of communication protocols for robot control

One of the limitations of the first version of the prototype is the number of electrical wires.
In the first version, all actuators had a common ground and an individual power wire. This
meant that each additional module was accompanied by two additional cables.

In addition, the presence of all these wires added weight and could limit certain module
triggers, altering the desired configuration of the robot.

The first solution considered, before incorporating the actuators, is to use electronic circuit in
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Figure 6.2 — Scale illustration with realistic rendering for the mechanism printed in SLA.

each module. The modular approach is extended to control and to reduce the number and
length of wires running through the architecture. Each electronic board contains the compo-
nents needed to operate the actuators and a microprocessor to manage the communication
protocol.

6.2.1 Communication protocol and evaluation

In a test version, the module is equipped with an Arduino mini Pro. This minimalist version
of the widely marketed board allowed the manufacturing process to be dispensed with, as
it directly embedded the outputs for sending the PWM (pulse width modulation) control
to activate the SMA wires. In addition, it allows the use of the I>C (Inter-Integrated Circuit)
communication protocol.

The robot is based on a modular architecture, where each module must be able to communi-
cate with the others. Two protocols were initially chosen, SPI and I2C, but for dimensional
constraints the I>C protocol is chosen. The I*C protocol requires only four wires for the entire
structure, regardless of the number of modules. This system uses two communication cables,
SDA and SCL, the first corresponding to the data line and the second to the clock and synchro-
nisation line. The other two cables are for power and ground.

This protocol also makes it possible to connect several masters and slaves to the communi-
cation bus, and to promote a slave to master status and vice versa. This protocol is not the
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Figure 6.3 — Illustration of the movement performed by the robot following the sending of information
from a master board to slave boards controlling the motors.

fastest, but it is more than sufficient for the frequency of operation of our robot.

Two approaches were explored to make the modules communicate with each other. The
first approach is serial communication. This choice is based on the desire to implement a
Follow-The-Leader architecture. To do this, information is sent to the remote module, i.e.
the one that is furthest from the base. With each new information sent, the information of
the n module changes, and its previous information is transmitted to the n — 1 module, and
so on. The advantage of this communication is that, when the robot has to be retracted, all
configurations are stored in all modules.

A more advanced version was also implemented to centralise the information in order to keep
a global view of the robot configuration. This version was tested on a motorised robot, as
shown in the Fig. 6.3, due to the inaccessibility of components during/after the Covid-19 crisis.

6.2.2 Implementation of PCBs

In order to reduce the assembly phase to a minimum, a part was added to the mechanism
to hold and stabilise the PCB. The constraint of having the actuators on the back of the PCB
means that screws or other penetrating elements cannot be used. Furthermore, in order to
remain consistent with the rest of the module, a compression spring system is designed to
constrain the board as shown in Fig. 6.4.
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Figure 6.4 — Realistic rendering of the holding system of the electronic board inside the module and the
3D printed version.

6.3 Considerations for improving the robot architecture

6.3.1 Extension to a second bending plane

Among the axes of perspective, it is possible to consider the design of an architecture allowing
two planes of bending and thus generate a discrete workspace in 3 dimensions. One possible
approach can be directly inspired by the one developed in this work as shown in Fig. 6.5.
The modelling is then similar to the one already carried out since it consists in alternating
one module out of two by a 7/2 rotation about the robot axis. Under these conditions, the
extension can be considered now.

The other option studied lies in the dimensioning of a second module responsible for the
rotation. It would then be necessary to dimension a multistable mechanism like the one
designed in this study, but this time allowing to obtain a rotation. This approach is probably
less cumbersome than the previous one, but poses a problem in terms of the achievable angle.
Obtaining an angle of at least 7/2 from the multistable mechanism is not trivial.

Now that the proof of concept has been completed, another possibility would be to reconsider
some elements of the prototype and resdesign them to incorporate the second bending plane
through a pentastable mechanism.

6.3.2 The last but not least module

Behind the principle of this modular architecture, there is still one module that has not yet
been explored in concrete terms, namely the endoscope head module. In a longer term vision,
it is quite possible to consider the design of a fully equipped head module that would be
attached to this architecture.

Since there is a power supply and a control protocol, one could assume that the head could
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Figure 6.5 — Simulated workspace of the ternary robot with 8 modules alternating successively by an
angle of /2. The positions in the X, Y and Z axes are given in millimetres.

simply be attached at the beginning of the procedure, and could be specific to that procedure.
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.\ Stiffness and compliance matrix anal-

ysis

In the previous section, the analysis was done by considering the mechanism as an assembly
of two sub-entities, which consisted of two parallel spring stage. Knowing that according
to the theory of elasticity, the twist and the wrench are related in terms of deformation and
loading by the following relations.

with [C]=[K]™!

g=[Cl¥VW, W=I[KT, (A.1)

The goal here is to confirm the previously calculated value through a mobility matrix analysis
and to compare the stiffnesses and compliances between the two studied mechanisms. It
is possible to obtain the compliance matrix of a beam directly from the Timoshenko beam
theory, in the XYZ coordinate system used in the pictures, as follows:

r 0 0 0 1/GJ] 0 0 1
0 0 -I?I2EI, 0 l/EI, 0
Ci= 0 I?/2EI 0 0 0 1/EI, o
I/EA 0 0 0 0 0
0 I3/3EI, 0 0 0 I12/2E1,
| 0 0 I3I3EI, 0 —I?/2EI, 0 |

This compliance matrix is derived at the free end of the blade for practical purposes. In
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accordance with Eq. A.1 it is possible to obtain the stiffness matrix from Eq. A.2 as follows:

12/

0 0
0 0
0 6/ly
A 0
0 4ly
0 0

0

—6/1

0

0

0

0

0

0

0 0
12/1? 0

0 12/1%y

0 0

0 6/ly
—6/1 0

(A.3)

with A = (JG)/(I,E) = 4/(2(1-v)) and where v is the Poisson’s ratio and v = 2/ w?. This matrix
corresponds to the one found by [198] and echoes the one used by [78], with the difference
that # is defined here according to the 3 force vectors then by the three moment vectors.

Two tests were carried out during the experimentation phase to compare the performance
of the enhanced mechanism, shown in Fig 5.7, with the classic one. The nature of these tests
will be detailed in Section 5.1.5, but one set of parameter values needs to be used to validate
the analytical approach. As described in Table 5.21, the mechanisms used in these tests had
different design and manufacturing parameters. Arbitrarily the parameter values from Test 1

will be used for the demonstration, knowing that the same results can be obtained with the

parameter values from Test 2.

0 0
0 0
o _| 0 sos2
0.008 0
0  174.534
0 0
[ o 0
0 0
coo| 0 0139
0.006 0
0 87.267
0 0
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0
0
0
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0
0
0
0

0
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0
0
0
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0
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0
0
0
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0
0
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0
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0

0

0
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0
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0 0 0 012 0 0 |
0 0 0 0 0 0
K—1x1| 0 0021 0 0 0 0 "
0015 0 0 0 0 0
0 103 0 0 0 002
0 0 004 0 0 O
0O 0 0 016 0 0]
O 0 0 0 0 0
Koo 1xigf| O 003 0 0 0 0 a7
003 0 0 0 0 0
0 13 0 0 0 003
0O 0 008 0 0 0

The next step is to generalise and focus on the compliance of the whole mechanisms. The
transformation matrices used for this are dependent on the space between the beams A as
well as the side of the mechanism along the y-axis of symmetry (I';o; I'yigny), and represented

as follows:
(1 00 0 0 -A/2] (1 00 0 o0 A2
01 0 0 O 0 010 0 0 O
o001 M2 0 o0 L0011 -z 0 0 A8)
eft71o 000 1 0 0 gl 000 1 0 0 '
0O 0 0 O 1 0 0 0 O 0 1 0
0O 0 0 0 O 1 0 0 O 0 0 1
The compliance matrix is then obtained using Eqgs. (5.12) and (A.8)
i -1
Cyv=| Y T]KT; (A.9)
i=1
and which, after substitution by values used previously gives
[0 o o o o o
0 0 0 0 0 0
c = 1x10% 0 0.09 0 0 0 0 (A.10)
classic = 0 0 0 0 0 0 .
0 44 0 0 009 0
0 0 021 O 0 0
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0.09
0
4.4
0 0

Cenhanced =1 % 104 (A.11)

o0 o o oo
o oo o o

0.09
0 0

c o oo o o
—_ O o ©o ©o o©
o oo o oo

7

As highlighted in Egs. (A.10), for the classic mechanism, and (A.11), for the enhanced mech-
anism, the translation along the y axis is predominant and then the only degree of freedom
retained by the mechanism. It can be seen that the enhanced mechanism has almost the same
compliance than its four-beam counterpart.
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