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Abstract
Mobile inspection and maintenance robotics is a fast growing industrial market. The type of applications covered by these mobile robots is very broad.
Robots are developed to inspect all kinds of pipes or pipelines infrastructures. They are also designed to inspect gas, petroleum or chemical storage
tanks, bridges, subterranean mines or air ducts. Such robots also find their
applications in power plants, for the inspection of the steam boilers to the
power lines including steam turbines or generators.
One of the main advantages of mobile robots is that they can reach locations inaccessible by humans because of size constraints, temperature, immersion in liquids or safety reasons. Robots also allow to decrease the inspection time and costs if operations like building scaffoldings, excavating,
disassembling or moving cumbersome parts into workshops, can be avoided.
Furthermore, storing the measurements of systematic inspection procedures
improves the traceability of defects, the prediction of the constructions lifetime and allow to optimally plan their repairing. Repairing can even be done
in situ if the robot is equipped with the appropriate tools.
The variety of applications and their specificities have fostered the development of innovative locomotion concepts. The mobility of inspection
robots has to be adapted to their environment, which may require to overcome obstacles or to climb on 3D structures built of different materials. In
this framework, miniaturization and integration is often an issue because the
robot may have to maneuver about in narrow spaces or to enter a structure
through narrow openings. Because the robots have to operate in confined
environments, localization is another key issue. The robot localization is
a necessary feedback for the user remote controlling the robot or for autonomous control purposes. Therefore, inspection robots do not only have to
carry inspection sensors, but also perception sensors for localization.
This thesis addresses the following challenges, i.e. 3D locomotion, 3D
localization and system integration, by presenting the design of a robot that
is intended for inspecting power plants, especially the inner surface of steam
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chests in steam turbines as a case study. The steel environment mainly consists of complex-shaped structures comprised of hollow cylinders and spheres
that can have any inclination regarding gravity and various diameters.
The innovative locomotion concept presented in this thesis is based on
an adapted magnetic wheel unit integrating two lateral lever arms. These
arms allow to slightly lift off the wheel in order to locally decrease the magnetic attraction force when passing concave edge obstacles, as well as laterally
stabilizing the wheel unit. The concept, called MagneBike, consists of two
adapted magnetic wheels in a motorbike arrangement. Field experiments
show the high mobility of the robot. The robot cannot only climb vertical
walls and follow circumferential paths inside pipe-type structures, but it is
also able to pass complex combinations of 90◦ convex and concave ferromagnetic obstacles. This high mobility and the robot payload enable the robot
to bring inspection sensors or repairing tools to any location in the specified
environment by accessing it through a single opening.
This thesis also describes a full 3D localization concept to track the robot
in the 3D environment. The localization strategy consists of combining 3D
odometry - used to track the robot position on the steam chest surface - with
3D laser scanning. Scan matching allows to build 3D maps of the environment in which the robot is moving. The 3D odometry model assumes slow
motion and only requires wheel encoders and a three-axis accelerometer. To
compensate for the lack of angular velocity inputs, we propose a model including a filter that estimates the local surface curvature. 3D odometry is
reliable to track the robot between 3D scans and can be used as an initial
guess for the 3D scan registration. The localization procedure has also been
characterized in detail through field experiments. It results that the localization concept allows to reliably track the robot moving in the complex 3D
environment.
System integration is another important result of this work. The MagneBike is actually a compact system (185×143×236 mm3 ) integrating five
actuators for locomotion, embedding sensors to control the active locomotion concept as well as localization and mapping sensors. The robot also
embeds a single board computer and electronic to control low-level tasks.
The conceptual prototype has been successfully implemented and evaluated.
Given its good performance, the industrial partner decided to invest in the
industrialization of the robot. This thesis also presents the contribution to
this further step.
Key words: Inspection robot, Field robot, Locomotion, Magnetic wheels,
Localization, 3D odometry, Design and integration
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Résumé
L’intérêt de l’industrie pour les robots mobiles dans le domaine de l’inspection
et de la maintenance croît rapidement. Le champ d’application des robots
mobiles est très large. Ils sont notamment développés pour l’inspection de
pipelines, de citernes (stockage de gaz, de pétrole ou de produits chimiques),
de ponts, de mines souterraines ou de canaux de ventilation. Des robots sont
également utilisés dans les centrales électriques pour l’inspection de boilers,
turbines vapeurs, générateurs ou de lignes à haute tension.
L’un des principaux avantages des robots mobiles est leur aptitude à atteindre des endroits inaccessibles aux humains à cause de contraintes dimensionnelles, de température, en cas d’immersion (liquides) ou pour des raisons
de sécurité. Les robots permettent également de drastiquement diminuer
le temps et les coûts d’inspection en évitant le montage d’échafaudages,
l’excavation, le démontage ou le déplacement de pièces encombrantes. De
plus, la prise systématique de données issues des procédures d’inspection
améliore le suivi des potentiels dégâts et permet la prédiction du temps de
vie des constructions, cela afin d’optimiser la planification des réparations.
De plus, les réparations peuvent alors souvent être effectuées in situ lorsque
le robot est équipé avec les outils appropriés.
La variété des applications et leurs spécificités ont encouragé le développement de concepts de locomotion innovants. La mobilité des robots d’inspection doit être adaptée à leur environnement, qui peut nécessiter le passage
d’obstacles ou l’escalade de structures 3D constituées de matériaux variables.
Dans ce contexte, la miniaturisation et l’intégration jouent un rôle important, puisque le robot peut avoir besoin de manoeuvrer dans des espaces
restreints ou d’entrer dans une structure par une ouverture étroite. Comme
les robots doivent pouvoir intervenir dans des endroits confinés, la localisation est également un problème clé. La localisation du robot est nécessaire
lorsqu’une personne le pilote, mais aussi lorsque le robot est contrôlé de façon
autonome. Par conséquent, les robots d’inspection ne doivent pas seulement
être pourvus de capteurs d’inspection, mais également de perception afin de
v

pouvoir les localiser.
En présentant le design d’un robot prévu pour l’inspection de centrales
de production d’énergie, cette thèse aborde les problèmes de locomotion et
localisation 3D, ainsi que l’intégration du système. Plus spécifiquement, le
robot présenté a été développé pour l’inspection de la surface intérieure des
organes d’admission vapeur des turbines, dont l’environnement métallique
est principalement formé de structures complexes composées de cylindres ou
sphères creuses de diamètre et orientation variables.
Le concept de locomotion novateur présenté dans cette thèse est basé sur
une roue magnétique intégrant deux bras de leviers latéraux. Ces bras permettent de légèrement soulever la roue, afin de diminuer la force d’attraction
magnétique localement, lorsque le robot doit passer sur des obstacles concaves, mais également de stabiliser l’ensemble de la roue. Le concept, appelé
MagneBike, est composé de deux roues alignées l’une derrière l’autre, à la
façon d’une moto. Des expériences de terrain ont montré la grande mobilité du robot: le robot ne peut pas seulement monter des murs verticaux et
suivre des trajectoires circonférentielles à l’intérieur de la structure, mais il
est également capable de passer sur des combinaisons complexes d’obstacles
ferromagnétiques convexes et concaves. Cette grande mobilité ainsi que la
charge utile du robot permettent le transport de capteurs d’inspection ou
d’outils de réparation à n’importe quel endroit dans un environnement spécifié et en y accédant par une seule entrée.
Cette thèse décrit également un concept de localisation 3D pour suivre le
robot dans un environnement 3D. La stratégie de localisation consiste à combiner l’odométrie 3D - utilisée pour suivre le robot sur la surface de l’organe
d’admission - avec la détection par capteur laser 3D. L’assemblage des données 3D ainsi obtenues, permet de construire des cartes 3D de l’environnement
dans lequel le robot se déplace. Le modèle d’odométrie 3D est prévu pour
des mouvements lents et ne requiert que des capteurs sur les roues et un
accéléromètre à trois axes. Pour compenser l’absence de données sur la
vitesse angulaire, nous proposons un modèle incluant un filtre estimant la
courbure locale de la surface. L’odométrie 3D est suffisamment fiable pour
suivre le robot entre les prises de données et peut par conséquent être utilisée comme estimation initiale pour l’assemblage des mesures 3D. Le système
de localisation a été caractérisé en détail lors d’expériences de terrain. Le
concept de localisation permet un suivi fiable du robot en déplacement dans
l’environnement 3D complexe.
L’intégration du système est également un résultat important de ce travail. MagneBike est un système compact (185×143×236 mm3 ) qui intègre
cinq moteurs de locomotion et transporte des ca pteurs pour contrôler son
vi

système de locomotion actif, sa localisation et cartographier l’espace environnant. Le robot porte également un ordinateur miniature et l’électronique
permettant le contrôle des tâches de bas niveau. Le prototype présenté a été
réalisé et testé avec le succès escompté. Etant donné les bonnes performances
de MagneBike, notre partenaire industriel a décidé de soutenir et financer son
industrialisation. Cette thèse présente également notre contribution apportée
à cette prochaine étape.
Mots clés : Robot d’inspection, Robot de terrain, Locomotion, Roues magnétiques, Localisation, Odométrie 3D, Conception et intégration
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Zusammenfassung
Die Nachfrage der Industrie für Mobilrobotik in den Bereichen Inspektion,
Wartung und Instandsetzung wächst stark. Mobilroboter aus diesen Bereichen übernehmen vielseitige Aufgaben. Roboter werden entwickelt, um Infrastrukturbauten wie Rohrleitungen und Leitungssysteme zu untersuchen.
Ausserdem werden mobile Roboter zur Inspektion von Gas- und Erdölspeichertanks sowie Lagertanks für Chemikalien, von Brücken und Untertageminen oder Lüftungskanälen entworfen. Die Roboter werden auch bei der Inspektion von Dampfkesseln, Hochspannungsleitungen, Dampfturbinen oder
Generatoren in Kraftwerken eingesetzt.
Einer der Hauptvorteile von mobilen Robotern liegt darin, dass sie an
Stellen herankommen können, die für den Menschen - sei es bedingt durch
die Platzverhältnisse, die Temperatur, das Eintauchen in Flüssigkeiten oder
aus Sicherheitsgründen - unzugänglich sind. Zudem vermögen Roboter die
Dauer und Kosten einer Inspektion entscheidend zu verringern. Der Einsatz
von Hilfsgeräten wie Baugerüste wird überflüssig und der Aufwand durch
Freilegung, Demontage oder Verlegung von unhandlichen Bauteilen in eine
Werkhalle kann vermieden werden. Das Abspeichern der Ergebnisse von
systematischen Inspektionsverfahren verbessert die Nachvollziehbarkeit von
Defekten sowie die Vorhersage der Lebensdauer einer Anlage und ermöglicht
die optimale Planung der Reparaturarbeiten. Die Reparatur kann ebenfalls
in situ erfolgen, falls der Roboter mit den passenden Werkzeugen ausgestattet
ist.
Die Vielfalt von Anwendungen und deren Ausprägungen haben zur Entwicklung von innovativen Fortbewegungskonzepten beigetragen. Die Mobilität von Inspektionsrobotern muss jeweils auf deren Umgebung abgestimmt
werden. Dies kann das Überwinden von Hindernissen oder das Erklettern
von 3D-Konstruktionen, die aus unterschiedlichen Materialien bestehen, erfordern. In diesem Zusammenhang spielen Miniaturisierung und Integration eine wichtige Rolle, da der Roboter sich oft in engen Räumen bewegen
oder durch eine schmale Öffnung in eine Konstruktion gelangen muss. Weil
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die Roboter gewöhnlich in geschlossener Umgebung agieren, ist zudem der
Lokalisierung des Roboters grosse Bedeutung beizumessen. Die Lokalisierung
dient als wichtiges Feedback für den Benutzer, der den Roboter fernsteuert,
sowie als notwendige Eingangsinformation für die autonome Regelung des
Roboters. Deshalb sollten Inspektionsroboter nicht nur mit Inspektionssensoren ausgerüstet sein, sondern auch mit Wahrnehmungssensoren für die
Lokalisierung.
Diese Doktorarbeit befasst sich schwerpunktmässig mit folgenden Themengebieten: Fortbewegung in 3D, Lokalisierung in 3D und Systemintegration. Die Entwicklung eines Roboters wird vorgestellt, anhand derer die
einzelnen Themengebiete behandelt werden. Der Roboter ist gezielt für die
Inspektion von Kraftwerken entwickelt worden, wobei die Inspektion der Innenfläche von Dampfzuleitung, wie sie in Dampfturbinen Verwendung finden,
als Fallbeispiel dient. Die Umgebung besteht hauptsächlich aus verzweigten
und komplex geformten Strukturen aus Stahl, die sich aus Hohlzylindern und
Hohlkugeln mit beliebigen Neigungswinkeln bezüglich der Schwerkraft und
verschiedensten Durchmessern zusammensetzen.
Das in dieser Arbeit vorgestellte innovative Fortbewegungskonzept basiert
auf einer adaptierten magnetischen Radeinheit, in die zwei seitliche Hebelärme integriert wurden. Diese Hebelärme erlauben, das Rad leicht anzuheben,
um lokal die magnetische Anziehungskraft beim Passieren von Hindernissen
mit konkaven Kanten zu verringern sowie seitlich die Radeinheit zu stabilisieren. Das MagneBike genannte Konzept besteht aus zwei adaptierten
magnetischen Rädern in einer Motorrad-Anordnung. Feldversuche zeigen
die hohe Mobilität des Roboters auf. Der Roboter kann nicht nur vertikale
Wände hochklettern und periphere Pfade innerhalb röhrenähnlicher Bauelemente abfahren, sondern auch komplexe Kombinationen von 90◦ konvexen
und konkaven ferromagnetischen Hindernissen passieren. Die hohe Mobilität und die Nutzlast ermöglichen dem Roboter, Inspektionssensoren oder
Reparaturwerkzeuge zu jeder beliebigen Stelle in der spezifizierten Umgebung zu bringen und dabei durch eine einzelne Öffnung in die Umgebung zu
gelangen.
Diese Arbeit beschreibt auch ein vollständiges Lokalisierungkonzept für
3D, das ermöglicht, den Roboter in der 3D-Umgebung ausfindig zu machen.
Die Lokalisierungsstrategie kombiniert 3D-Odometrie, um die Roboterposition auf der Oberfläche der Dampzuleitung zu verfolgen, mit dem Scannen mittels 3D-Laser. Die Anpassung sowie das Aneinanderfügen der Scans
(Matching) erlaubt 3D-Karten der Umgebung zu erstellen. Das Modell der
3D-Odometrie geht von der Annahme einer langsamen Bewegung aus und
benötigt ausschliesslich Rad-Encoder und einen Drei-Achsen-Beschleunigungsx

sensor. Um die fehlenden Messungen von Winkelgeschwindigkeiten zu kompensieren, schlagen wir ein Modell vor, das einen Filter zur Schätzung der
lokalen Oberflächenkrümmung verwendet. 3D-Odometrie ist ein zuverlässiges Mittel, um die Roboterposition zwischen 3D-Scans zu ermitteln und
kann als anfängliche Abschätzung für die 3D-Scan-Registrierung benutzt werden. Der Lokalisierungsablauf wird im Weiteren detailliert durch Feldversuche charakterisiert. Daraus ergibt sich als Resultat, dass das Lokalisierungskonzept die zuverlässige Positionsbestimmung eines Roboters, der sich in
komplexer 3D-Umgebung bewegt, gewährleistet.
Die Systemintegration ist ein weiteres wichtiges Ergebnis dieser Arbeit.
MagneBike ist ein kompaktes System (185×143×236 mm3 ) mit fünf integrierten Aktuatoren für die Fortbewegung, eingebauten Sensoren für die Regelung des aktiven Fortbewegungskonzepts sowie Lokalisierungs- und Mappingsensoren. Der Roboter enthält auch einen Einplatinen-Computer und die
notwendige Elektronik, um Aufgaben der unteren Abstraktionsschichten zu
kontrollieren. Der konzeptionelle Prototyp wurde erfolgreich implementiert
und evaluiert. Angesichts der vielversprechenden Resultate, hat sich der
Industriepartner dazu entschlossen, die Industrialisierung des Roboters zu
unterstützen und finanziell zu tragen. Diese Arbeit beschreibt abschliessend
den Beitrag zu diesem weiterführenden Schritt.
Schlüsselwörter : Inspektionsroboter, Feldroboter, Fortbewegung, Magnetische Räder, Lokalisierung, 3D-Odometrie, Entwicklung und Integration
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Chapter 1

Introduction
1.1

Mobile robots for power plants inspection

To avoid massive damages or power supply shortage, early detection of defects is a key issue in power plants. To guarantee safe operation, periodic
inspection is therefore necessary and even requested by laws. When stopped,
either for inspection or failure reasons, a power plant furthermore generates
very important losses proportional to the outage time. Inspection and maintenance has then become a high-margin business in which companies are competing to offer added value inspection tools and services to their customers.
It is actually often more profitable to repair old parts than to manufacture
new ones. Decreasing the inspection or repair time, enhancing the inspection
quality to better prevent failures, and optimally plan the maintenance are
the main ways to reduce these financial losses.
The degradation of power plant installations (e.g. turbines, generators,
boilers) is mainly due to aging, corrosion, or mechanical stress. This may lead
to the loss of material thickness, the generation of cracks that can cause leakages, or even the destruction of some constructions. Typical Non Destructive
Testing (NDT) sensors are cameras, ultrasonic sensors, Eddy current sensors,
or Electromagnetic Acoustic Transducers (EMATs). Visual inspection, for
instance, allows to detect surface visible damages like corrosion or surfaces
breaking cracks. The other sensors allow to make depth measurements to
detect subsurface defects or measure the material thickness. If the part to
inspect is accessible and holes have been foreseen, the conventional procedure consists of using tools such as handheld borescopes to carry out in situ
inspection. Otherwise, it is often necessary to disassemble the installations
to ease the access to the part such as turbine blades or generator stators.
1

2
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Disassembling is nowadays necessary to automatize the inspection process.
The existing mobile platforms, however, have a limited mobility. They are
typically scanner robots with few Degree of Freedom (DoF) (Moser and Mark
2007, Moser et al. 2007).
An innovative way to improve inspection and maintenance operations efficiency is to use small-sized mobile robots that carry inspection sensors or
repair tools. What are then the potential benefits of these robots over conventional procedures? Concerning inspection and repair time, mobile robots,
for instance, allow to avoid disassembling/assembling complex structures,
which are time consuming operations, particularly if cooling down or calibration (e.g. generator rotor shafts) are necessary. If the mobile device is
compact and has a high mobility, only low disassembling of the installation
is required because a single access point to the structure is sufficient. In situ
inspection also avoids to move cumbersome parts to workshops. Regarding
inspection quality and performance, miniature robots could allow to inspect
any location, even the one that are currently not reachable using conventional
inspection tools (e.g. unforeseen borescope holes) or inaccessible to humans
because of temperature, size constraints or safety reasons. Furthermore, the
performance can be improved, if the mobile platform brings the most appropriate sensor to any location and precisely computes its position. Storing
these accurate measurements into electronic databases improves the traceability of defects, the prediction of their evolution as well as the prediction
of the construction lifetime.
This list of possible improvements shows the potential of innovation in this
research field. They address typical challenges of the research in autonomous
mobile robot. Actually, it is first necessary to identify locomotion concepts
that allow to carry and bring the inspection sensors in complex-shaped environments of power plants like turbines, generators or boilers. Furthermore,
these systems have to be able to localize themselves and construct 3D models
of their environments. This is necessary to control the robot (autonomously
or not), to manipulate inspection sensors, and to precisely localize detected
defects. Finally, this research field requires a strong integration effort because
size constraints are often critical. The system has to embed localization sensors to perceive its environment, inspection sensors and control electronic.
This thesis addresses these challenges for a new type of environment never
accessed by mobile robots. It describes the design of the MagneBike, a compact magnetic wheeled robot with a high mobility, aimed to inspect the steam
chests of turbines as case study for power plant inspection. This work has
been done in collaboration with industry in the framework of a Commission
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for Technology and Innovation (CTI) project1 between ALSTOM Power Services, Eidgenössische Technische Hochschule Zürich (ETHZ) and Ecole Polytechnique Fédérale de Lausanne (EPFL).

1.2

State of the art

The state of the art does not especially focuses on power plant inspection
robots because this thesis addresses several topics that are common to mobile
inspection robots. The state of the art in this section thus provides a short
overview of inspection robotics, while the different topics are discussed more
deeply in the specific chapters, especially locomotion and mobility in Chapter
2 and localization techniques in Chapter 3.
Mobile inspection and maintenance robotics research covers a broad range
of applications. Mobile robots (see Figure 1.1) are developed to inspect all
kind of pipes, like sewer and water distribution pipes with MAKRO from
Rome et al. (1999), gas or oil transmission pipelines with ExplorerT M from
Schempf et al. (2010). They are also designed to inspect above ground gas,
petroleum or chemical storage tanks (Kalra and Gu 2007), tanks in ships
(Fischer et al. 2007), bridges (Balaguer et al. 2005) or aircraft structures
(Shang et al. 2007). Mobile robots are also developed to explore, respectively inspect, abandoned subterranean mines with, for instance, Groundhog
from Thrun et al. (2004) or to clean ventilation/air ducts (Luk et al. 2001).
As discussed previously inspection robots finally find their applications in
power plants, from the boiler (Li et al. 2003) to the power lines inspection
[LineScout from Montambault and Pouliot (2007)], including steam turbines
or generators with, for instance, the miniature air gap crawler from Fischer
et al. (2009).
The research community is very active in designing locomotion concepts
adapted to the specific applications. It goes from simple wheeled or tracked
robots to inspect horizontal pipes like Versatrax crawlers from Inuktun Services Ltd. (2010) to complex walking robots with a high mobility and climbing
ability such as the quadruped climbing robot MRWALLSPECT from Kang
et al. (2003) or the six-legged climbing robot from Li et al. (2007). The required mobility and the complexity of the systems are mainly influenced by
the type of application. The inspection robot can, for instance, be passively
driven by the fluid flow such as the so-called pig type robot from Hu and
Appleton (2005) or passively adapting its shape to the pipe diameter such as
1 The CTI is the Swiss confederation’s innovation promotion agency. CTI fosters knowledge and technology transfer between companies and universities by bringing them together
as partners on applied research and development projects.
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Figure 1.1: State of the art in inspection robotics. Sewer pipe inspection robots
MAKRO (Rome et al. 1999) (a) and Versatrax 300 VLRT M (Inuktun Services
Ltd. 2010) (b). Urban gas pipelines ExplorerT M (Schempf et al. 2010) (c) and
MRINSPECT (Roh et al. 2008) (d). (e) MRWALLSPECT quadruped inspection
robot (Kang et al. 2003). (f) LineScout cable crawler (Montambault and Pouliot
2007). (g) Groundhog mine explorer (Thrun et al. 2004). (h) T21 power line
inspection helicopter (UAV Vision 2010). The robot size is indicated, if available.

the MRINSPECT pipe crawler from Roh and Choi (2005). Higher mobility
is required when mobile robots have to pass over specific obstacles. This
can be solved by using passive mechanisms, for instance, the cable crawler
from Bühringer et al. (2009) that can passively cross power lines mast tips,
or by using complex active mechanisms with many DoF. An example is the
inspection robot from Yukawa et al. (2006) that combines magnetic wheels
with electromagnetic legs to pass over complex obstacles such as the external pipe flanges or valves. The necessary mobility is also depending on the
climbing ability requirements. If it is required, specific adhesion principles
- e.g. pneumatic systems, grasping systems, electro-magnetic devices, adhesive polymers or electrostatic devices (Silva et al. 2008) - are combined with
the locomotion mechanisms. The most versatile locomotion systems are able
to pass wall transitions and negotiate obstacles on 3D structures comprised
of various materials. An example is the climbing robot from Tsukagoshi
et al. (2009) that uses an adhesive urethan gel on wheels and embeds wipers
soaked with acetone to clean the adhesive material to recover the adhesion
force when contaminated with dust or dirt. Finally, a completely different
approach consists of using small flying systems such as the T21 power line
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inspection helicopter (UAV Vision 2010).
Another important research area addresses the localization techniques for
these inspection systems. Their complexity is surely mainly depending on
the type of environment to be inspected, but also on the prior knowledge
that is available and the level of control autonomy that is expected. In the
most simple case, odometry based on wheel/track encoders is sufficient, for
instance, to track sewer inspection robots in horizontal pipes without intersections. However, if the robot drives in pipe networks, the systems embed
extra sensors to detect landmarks such as intersections, manholes or inlets
(Rome et al. 2001) for localization and navigation relative to topological maps
(Hertzberg and Kirchner 1996). The most advanced systems embed sensors
to construct detailed 3D maps of the environment that they are traversing, locate themselves in the map and are able to drive autonomously. An example
is Groundhog (Thrun et al. 2004), an autonomous robot for the exploration
of abandoned subterranean mines.
System integration is another key aspect in inspection robotics research.
Actuator and sensor miniaturization actually allows to build very compact
systems able to access very narrow locations in power plants, for instance,
by crawling in the thin air gap between the stator and rotor of electrical
generators such as the 8 mm high robot from Fischer et al. (2009) or to
inspect tubes with diameters down to 25 mm (1”) (Suzumori et al. 1999).
System miniaturization also allows to embed inspection sensors, localization
sensors as well as computation power onto compact systems.
The literature then reports on small-sized climbing systems with high
mobility, but not integrating localization and mapping sensors. The literature
does also report on systems with advanced 3D localization and mapping
ability, but these systems are either large and heavy or have only limited
climbing mobility. In this thesis, we however, present a small-sized climbing
robot with high climbing mobility that embeds sensors for 3D localization
and mapping in complex-shaped environments from which no map is a priori
known.

1.3

Contributions

This thesis focuses on the design of a mobile robot, called MagneBike, for
inspecting well-defined power plants facilities, especially the steam chest of
steam turbines. To achieve this result and with respect to the state of the
art, the main contributions of this thesis concern innovation in locomotion,
localization and system integration.

6

1. INTRODUCTION

3D locomotion: Inspecting power plants facilities implies to bring NDT
sensors - some payload - to any location of the structure to inspect. This
requires a system able to climb on ferromagnetic surfaces with any inclination
regarding gravity and pass over several types of complex-shaped obstacles.
The first contribution of this thesis is an innovative locomotion concept based
on two magnetic wheels in a motorbike arrangement (the MagneBike concept)
that has a very high mobility, while keeping the system small and relatively
simple.
3D localization: Because the inspection robot is intended to drive in
closed environments - only one opening is available to launch the robot - it
is necessary to provide localization and visualization tools for the inspector
who remotely controls the system. Additionally, the inspected and measured
positions have to be constantly known. This thesis then also presents a full
3D localization concept that allows to estimate the six DoF of the MagneBike
robot driving on the 3D steel surfaces. The localization strategy combines 3D
scanning to build local 3D maps of the environment with 3D scan matching
to build consistent global 3D maps and 3D odometry to estimate the robot
trajectory between 3D scans.
System integration: This research aiming to design a mobile platform
for real application, one objective is to provide a complete mechatronic system integrating hardware and software components. The main restrictions
being space/size constraints, one of the main challenges is to build a very
compact system embedding all required parts, that are locomotion actuators, localization sensors and computation power for the control. Another
objective and contribution of this thesis is then the realization of a fully
functional conceptual prototype.
This work then presents the MagneBike mobile robot concept (Figure
1.2), describes its detailed implementation, reports on field experiments and
evaluates the performance of the concept. Because the MagneBike performs
well and satisfies the specific application requirements, the industrial partner
decided to invest in the industrialization of the robot. This thesis then also
discusses optimizations and enhancements that were implemented on the
industrial version of the MagneBike.

1.4

Structure of this work

After this introduction chapter explaining the motivations and the state of
the art, this thesis is split in three mains parts, respectively for the three
contributions previously listed. Chapter 2 focuses on the locomotion system. It starts with a detailed description of the challenging environment

7
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Figure 1.2: MagneBike: compact inspection robot with two magnetic wheels in
motorbike arrangement.

for which the mobile robot is built. The design and implementation of the
high mobility locomotion system are then presented and its performance is
evaluated through field experiments. Chapter 3 addresses the localization
problem. It first gives an overview of the environment constraints from the
localization problem point of view and a localization strategy is proposed. It
then discusses the sensor choices, the implementation of a 3D scanner as well
as the algorithms used to solve the localization problem. Similarly to locomotion, the performance of the localization procedure is evaluated through
field experiments. The mechatronic system integration, involving software
and control architectures, is presented in Chapter 4 that also provides an insight in the industrialization phase of the MagneBike. The conclusion finally
summarizes the work and provides an outlook on future improvements and
developments.
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Chapter 2

Locomotion
2.1

Introduction

This chapter describes the MagneBike locomotion concept that has been designed to carry inspection sensors or repair tools in the steam chests of steam
turbines. Because this application addresses challenges that the numerous
concepts proposed in robotics literature cannot take up, we first present the
requirements of the steam chest environment and the limitations of existing systems. After discussing the necessity and optimality of using magnetic
wheels integrating a lifter/stabilizer mechanism, the design and implementation of a prototype robot is presented. For validation purposes, the last part
of this chapter reports on field experiments and provides a detailed characterization of the system.

2.2

Application requirements and mobility

The main goal of the locomotion system is to bring NDT sensors to any
location in the environments depicted in Figure 2.1. These ferromagnetic
environments are typical inlet and valve parts of steam chest installations.
Here follows a list of the specific requirements, also illustrated on the 3D
Computer-Aided Design (CAD) models:
a. The wide range of inner diameters encountered. The diameter varies
from 200 mm (this defines the maximum robot space envelope) up to
700 mm.
b. The local abrupt inner diameter changes, up to 50 mm (measured on
9
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the radius) on Figure 2.1. These can be seen as 90◦ convex or concave
edge obstacles.
c. The complex arrangement and sequence of these obstacles such as triple
step or gap.
d. The environment is composed of horizontal pipe elements, as well as
vertical elements. Generally any inclination can be encountered (see
the gravity vector orientation): climbing ability is then required.
e. The locomotion system has to be able to maneuver about in narrow
locations and to be able to travel on circumferential paths, which can
also have any orientation regarding gravity.
Tripple step

50 mm

g

200 mm
g

700 mm
Gap

Figure 2.1: 3D CAD models of typical environments: cut views.

Because the system is intended for inspection, it has to embed NDT sensors and/or cameras. Thus, the robot should be able to carry its own mass
plus some extra payload corresponding to the mass of the sensors and their
manipulation tools. For this application this extra payload is estimated to
0.5 kg. Even if damages tend to appear in preferred locations, an efficient
inspection robot needs a locomotion system that allows for bringing the inspection sensors to any location that might be damaged. Furthermore, the
robot has to be able to reach these positions from a single access point, this
will prevent time consuming disassembling operations (several access points)
that are necessary for using conventional inspection tools. Finally, the inspection system must not damage the environment. Every part that is in
direct contact with it has to be equipped with a protecting material, typically rubber.

2.3. RELATED WORK

2.3

11

Related work

Because a steam chest environment is mainly comprised of hollow cylinders,
related work is above all found in the pipe/pipeline inspection robotics literature. The number of systems developed to inspect sewer, oil, gas or water
pipes/pipelines is large as reported in several surveys (Bruce et al. 2002, Pan
and Zhu 2003, Schempf 2004) that establish the state of the art in industrial
and academic systems, by classifying and comparing their performances. The
first part of this section then provides an overview of the existing locomotion
principles, but is not intended to be an exhaustive list of the existing robots.
A classification of locomotion strategies for in-pipe inspection robots is
proposed by Roh and Choi (2005). The robots (Figure 2.2) may be pig type
passively driven by the fluid pressure, this principle is mainly used for the
inspection of large-diameter oil or gas pipelines (Hu and Appleton 2005).
Wheels (Rome et al. 1999) and caterpillars/tracks (Inuktun Services Ltd.
2010) are the most common solutions used for commercially available robots.
Wall-pressed type (Roh et al. 2008, Kwon et al. 2007), walking type (Zagler and
Pfeiffer 2003), inchworm type (Anthierens et al. 2000, Bertetto and Ruggiu
2001) and screw type (Iwashina et al. 1994, Horodinca et al. 2002, Li et al.
2008) motions are especially used when vertical climbing ability is required.
Most of the in-pipe inspection robots use locomotion principles derived from
these basic types or combinations of them to increase their mobility.
The literature also reports on numerous articulated systems such as ExplorerT M from Schempf et al. (2010), MAKRO from Rome et al. (1999),
MRINSPECT from Roh et al. (2008) or the RoboScan robot from Vradis and
Leary (2004). These robots have the advantage to allow the negotiation of
sharp bends and intersections. Furthermore, articulated robots are often very
modular because each segment has a particular function (e.g. drive module,
sensor module, power module, communication module). This modularity
allows for the reconfiguration of the robot depending on the application.
The robot can, for instance, embed more batteries for long missions, embed
more driving modules and optimally distribute them to get more propulsion
power, or embed the most appropriate sensor module depending on the type
of inspection that has to be carried out. Segmented configurations with
rotation modules also allow for the implementation of snake like motion as
proposed by Brunete et al. (2006).
As mentioned, when vertical climbing ability is required, the most common solution is to implement spreading systems increasing the normal force
by pressing against the pipe walls: for instance, active articulated legs such as
MORITZ from Zagler and Pfeiffer (2003), wheels/tracks mounted on spring-
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70 mm

200
90

mm

mm

m
200 m

(b)

(c)

(d)

600 mm

500 mm

(a)

46
m

m

(e)

(f)

(g)

Figure 2.2: Examples of mobile robots for in-pipe inspection. (a, b) Passive
mechanisms: tracked robot from Kwon et al. (2007) and MRINSPECT (Roh et al.
2008). (c, d) Screw type motion: D-70/1 from Horodinca et al. (2002) and the
robot from Li et al. (2008). (e) Segmented configuration (Brunete et al. 2006).
(f) Active mechanism: PAROYS-II Park et al. (2009). (g) Walking type robot:
MORITZ from Zagler and Pfeiffer (2003). The robot size is indicated, if available.

loaded link mechanisms such as MRINSPECT from Roh et al. (2008), or
active adaptable mechanisms such as PAROYS-II from Park et al. (2009).
However, none of these spreading systems can deal with high or abrupt diameter variations, high spreading factor is actually required for the steam
chest application. In this case, it is necessary to combine the locomotion system with adhesion principles such as pneumatic adhesion, magnetic adhesion,
mechanical attachment, adhesive polymers or electrostatic forces (Longo and
Muscato 2008, Silva et al. 2008). The second part of this section then gives
an overview of the adhesion principles and locomotion systems found in the
wall climbing robotics literature (Figure 2.3).
The most frequent approach is the use of suction forces. Pneumatic adhesion can first be achieved through passive suction cups that do not necessitate
vacuum generators such as DEXTER from Brockmann (2005) or the inchworm robot from Wang et al. (2008). Most of the robots, however, use active
suction cups and embedded pumps (Tummala et al. 2002, Chen et al. 2005)
or an external air compressor. Vacuum is then generated onboard such as
on MRWALLSPECT from Choi et al. (2000), Sky Cleaner from Zhang et al.
(2006) or the climbing robot from Shang et al. (2007). Vacuum in the suction cups can also be established through high-frequency vibration of the
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365 mm

13000 mm

cup as discussed by Zhu et al. (2006) and implemented on the bipedal robot
from Hong et al. (2009). While the aforementioned robots necessitate walking type motion, sliding suction cups (Longo and Muscato 2004, Qian et al.
2006) allow for continuous wheeled motion on obstacle-free surfaces. Longo
and Muscato (2006) propose to combine both walking and wheeled locomotion on Alicia3 that embeds three sliding suction cups linked with pneumatic
pistons.

m

20

(b)

(g)

mm

(f)

(d)

250

122 mm

(e)

900 mm

(c)

600 mm

580 mm

(a)

0m

(h)

Figure 2.3: Climbing robots using different adhesion principles. (a) Suction cups
on DEXTER (Brockmann 2005). (b) Sliding suction cups on Alicia3 (Longo and
Muscato 2006). (c) Grippers on MATE-1 (Scheidegger et al. 2006). (d) Fingers
on LEMUR (Bretl 2006). (e) Microspines on SpinybotII (Asbeck et al. 2006). (f)
Directional adhesive on Stickybot (Kim et al. 2008). (g) Urethane gel and wipers
soaked with acetone (Tsukagoshi et al. 2009). (h) Electroadhesion (Prahlad et al.
2008). The robot size is indicated, if available.

Another main group of climbing robots use grasping mechanisms to attach
to the environment. ASTERISK from Inoue et al. (2006), for instance, uses
hooks to hang on grid-like structures. ROMA1 from Balaguer et al. (2002),
MATE-1 from Scheidegger et al. (2006) and Shady from Vona et al. (2006) use
claws or grippers. Bretl (2006) describes the LEMUR robot that uses friction
forces, actually fingers wrapped with high friction rubber, to climb on inclined
planes imitating human free climbing. Biologically inspired robots such as
SpinybotII from Asbeck et al. (2006) or RiSE from Spenko et al. (2008) use
arrays of compliant microspines that catch on surface asperities.
If the environment is ferromagnetic, the most common solutions are systems based on (electro)-magnetic devices, such as electromagnetic feet on
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the climbing robot from Guo et al. (1994) or the inchworm robot from Kotay
and Rus (1996), permanent magnets in wheels such as the Magnebots from
Slocum et al. (2002), or permanent magnets in tracks such as the storage
tank inspection robot from Kalra and Gu (2007). The combination of both
electro-magnets and permanent magnets has, for instance, been implemented
on the six-legged climbing robot from Grieco et al. (1998). Mobile robots using (electro)-magnetic adhesion are discussed in more detail in Section 2.4.2.
Another adhesion principle is the use of dry adhesive polymers. In this
case, the adhesion is mainly due to Van der Waals forces (Sitti and Fearing
2003). This principle was implemented on several robots such as Geckobot
from Unver et al. (2006), Waalbot from Murphy and Sitti (2007), Tankbot
and the 16 legged robots from Unver and Sitti (2009a;b), as well as on MiniWhegsT M from Daltorio et al. (2005). Directional adhesive - array of small
angles polymer stalks - biologically inspired from gecko feet are used on Stickybot from Kim et al. (2008). Compared to other adhesive polymers, directional adhesives polymers adhere with negligible preload in the normal direction (i.e. the tangential force must be controlled) and detach with very little
pull-of force. To overcome one of the main drawback of adhesive polymers,
respectively the adhesion force degradation over time due to the contamination by dust, Tsukagoshi et al. (2009) propose a climbing robot that embeds
wipers soaked with acetone to clean the adhesive material.
Finally, the more recent adhesion principle used for climbing robots is electroadhesion. Adhesion is generated through compliant electrodes that create
attraction electrostatic forces between the robot and a substrate as discussed
by Prahlad et al. (2008). Berengueres et al. (2006) propose to mount electrostatic chucks on gecko air like structures to increase the compliance with
the surface.

2.4

Magnetic wheeled robots: analysis

The pipe-type environment (Figure 2.1) considered in this work requires a
compact locomotion system with vertical climbing ability, as well as a high
degree of mobility for negotiating obstacles. The environment is a complex
structure with narrow sections, high abrupt diameter changes and inclined
elements. Because the environment is ferromagnetic, among the adhesion
principles presented in the preceding section, magnetic wheels are selected.
We then first verify that the concept of using magnetic wheels as locomotion
and attachment principle is optimal for this application. For this reason, existing systems are analyzed in more detail and their limitations are presented.
Afterwards, the problem of obstacle passing is discussed.
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Necessity and optimality of magnetic adhesion

Because the robot has to work in pipe-type environment with vertical elements and 90◦ bends, the range of possible locomotion systems is drastically
restricted. Spreading systems increasing the normal forces by pressing against
the pipe walls are a common solution when climbing ability is required. This
solution has, however, been discarded because such systems usually do not
have a high spreading factor (typically up to 1.5) or cannot passively adapt
to abrupt diameter variations. Active legged robots such as MORITZ from
Zagler and Pfeiffer (2003) potentially have the best mobility and adaptability, however, they are mechanically difficult to downsize and their control is
complex. Among the attachment solutions proposed in the climbing robot
literature, mechanical attachment is not an option in the steam chest environment that does not feature structures that can be grasped and microspines
are not suited for metallic surfaces. Adhesive polymers still have problems
to keep their efficiency on long runs. Flat elastomers are not self-cleaning
and get contaminated by dust and dirt with time. However, they can be
cleaned with alcohol and and re-used many times (Unver and Sitti 2009a;b).
Similarly, the directional adhesives polymers used by Kim et al. (2008) require periodic cleaning. Pneumatic solutions do not seem optimal to work
on curved and irregular surfaces. Moreover, to pass over sharp obstacles,
concepts based on suction cups require to implement walking locomotion
systems, which are complex to control. Finally, electroadhesion that seems
to be a good candidate because this adhesion principle can be used on metallic surfaces and can be switched off for cleaning, has the main drawback of
requiring power consumption to hang on a wall. To conclude, complexity
and size can then be saved by taking advantage of the ferromagnetic environment and consequently using permanent magnetic elements for attachment.
Instead of having a robot that uses the whole available space in the pipe, it
can be a compact unit that drives on the inner surface.

2.4.2

Robots with magnetic elements

The idea of using magnetic elements on mobile robots is not new, the magnetic wheel concept was for example already patented by Guy (1972) and
implemented on several mobile robots (see Figure 2.4) such as the Osaka
Gas inspection robot from Sogi et al. (2000), Magnebots from Slocum et al.
(2002; 2004), the inspection robots from Park et al. (2002; 2003), or the
steam turbine rotor disc inspection robot from Moser et al. (2007). Hirose
and Tsutsumitake (1992) propose an alternative to conventional magnetic
wheels, respectively the so-called disk-shaped magnetic wheels, that were
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193 mm

implemented on Disk Rover. Magnetic adhesion can also be ensured through
magnets in the robot structure such on NanoMag from Inuktun Services Ltd.
(2010) or the robot from Shang et al. (2008), in magnetic tracks such as the
storage tank inspection robots from Xu and Ma (2002), Shen et al. (2005),
Kalra and Gu (2007) or in magnetic wheels mounted in caterpillars such as
the turbine disk rotor inspection robot from Moser and Mark (2007).
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(b)

(c)
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(d)
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Figure 2.4: Mobile robots using magnetic devices for adhesion. (a) Magnebots
(Slocum et al. 2004). (b) Steam turbine rotor disc inspection robot (Moser et al.
2007). (c) Disk Rover (Hirose and Tsutsumitake 1992). (d) NanoMag (Inuktun
Services Ltd. 2010). (e) Storage tank inspection robot (Kalra and Gu 2007). (f)
Tripod (Jireh Industries LTD. 2010). (g) Wall climbing robot with symmetrically
centralized magnetic wheels (Liu et al. 2007). (h) Tripillar (Rochat et al. 2009).
(i) Wall climbing robot with compliant Magnetic Hair Berengueres et al. (2007).
(j) Magpipe (Kawaguchi et al. 1995). (k) External pipe inspection robot Type III
(Yukawa et al. 2006). (l) Generator air gap crawler (Fischer et al. 2009). The robot
size is indicated, if available.

The aforementioned robots, however, have limited mobility regarding obstacle negotiation and surface/wall transition. Most of them can travel only
on slightly curved surfaces (e.g. on the outside of cylindrical/spherical tanks)
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thanks to passive mechanics such as Tripod (Jireh Industries LTD. 2010) or
thanks to an optimized magnetic force distribution that limits force variation on irregular surfaces (Liu et al. 2007). Some of the robots can drive
over small-sized steps (smaller than the wheel radius) and wall transitions
if all wheels are driven and the robot mass is low in respect to the magnetic force as shown by Fischer et al. (2008). The robot from Shang et al.
(2008) is, for instance, especially designed for 135◦ surface transitions, while
Tripillar from Rochat et al. (2009) that combines magnetic caterpillars with
magnets in the robot body is capable to make inner plane-to-plane transitions between 90 and 180◦ . This robot has, however, limited external plane
transition ability. Systems such as the Gecko-inspired MagneticHair robot
from Berengueres et al. (2007) has a high surface roughness compliance, but
it is not proven that the system can be used to negotiate sharp obstacles.
The robot from Kawaguchi et al. (1995) is designed for inspecting the inner
casing of pipes and can pass over single step obstacles thanks to a smart
passive wheel mechanism. However, it cannot pass wall transitions and the
reliability of the system, e.g. risk of loosing contact on sharp convex edges,
is not discussed.
In comparison, Yukawa et al. (2005) and Fischer et al. (2007) implemented
systems aiming at negotiating specific complex obstacles such as sharp ridges,
which do not provide magnetic force or external pipe flanges and valves. The
special mechanisms combining wheeled and legged locomotion allow to pass
over these difficult obstacles, however, the robot require a lot of space and
many DoF. Very high mobility is also achieved with walking type systems
using electromagnetic devices in their feet such as the inchworm robot from
Kotay and Rus (1996), the bipedal robot from Shores and Minor (2005) or
the six-legged robot from Grieco et al. (1998). The main drawbacks of these
last robots are the difficulty to ensure security against falling and reliability
because their control is very complex. Similar to system using pneumatic or
electroadhesive adhesion, the attachment force relies on the power source.
Consequently, we will study in more detail magnetic wheeled systems
for their simplicity and because they allow for efficient continuous wheeled
motion on smooth surfaces. Nevertheless, a smart solution to negotiate step
obstacles has to be found.

2.4.3

Obstacle negotiation with magnetic wheels

Before presenting the wheel unit and locomotion concept, the obstacle negotiation problem for robot equipped with magnetic wheels is discussed. Magnetic wheeled climbing robots have to deal not only with gravity, but also
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with the magnetic forces, especially when a wheel is in contact with two
different surfaces. As illustrated in Figure 2.5(a), the robot has to cancel
the magnetic force Fmag,1b when it drives away from the the vertical wall;
whereas it has to cancel the magnetic force Fmag,1a when it drives away from
the horizontal wall.
Ft,1a

Fmag,1a

Fn,1a
Fn,1b
Tw1
CM

mg
Tw2

zCM
Rw
Fn,2b

Ft,1b
Fmag,1b

Fmag,1a

Ft,1a
µ1a

T w1

Fn,1a

Fmag,1b

Lw0 Rw
(2)

Lw0

Lw0
Ft,2b

(1)

xCM

Fmag,2b

(a) Complete model:
all wheel traction

Rw
Fn,2b

Lw0
Lw0

Fmag,2b

(b) Simplified model:
front wheel traction

(3)

(c) Special cases

Figure 2.5: (a) External forces and torques acting on a system with two pairs of
motorized wheels. (b) Same model for a system with only front wheel traction. At
the moment the wheel gets lifted, the traction Ft,1b and reaction Fn,1b forces tend
to 0. (c) Two-wheel-pair configuration with Lw0 = Rw (1), singularity on a convex
obstacle (2) and ground clearance problem (3).

A static model of the forces and torques acting on a system with two
magnetic wheel-pairs allows for computing the friction coefficient and torques
that are necessary to negotiate this 90◦ concave obstacle. Some simplifications [Figure 2.5(b)] allow for getting preliminary intuitive results. First, it is
assumed that the robot with two pairs of wheels has only front wheel traction
(Tw2 = 0). Secondly the weight (mg) is neglected because magnetic wheeled
robots require magnetic forces several times higher than the robot’s weight
in order to ensure a good security against falling (see Section 2.6.3). Canceling the unwanted magnetic force (Fmag,1b ) requires a traction force (Ft,1a )
bigger than Fmag,1b · Lw0 /(Lw0 + Rw ), respectively a friction coefficient µ1a
bigger than Lw0 /(Lw0 + Rw ). We assume that the traction Ft,1b and reaction
Fn,1b forces tend to zero at the moment the wheel lifts off. Consequently,
for decreasing the necessary friction coefficient µ, Lw0 /Rw ratio has to be
decreased as much as possible. Figure 2.5(c,1) shows the case of Lw0 = Rw
for which the required µ1a would be 0.5. The system length should, however,
not be too short, in order to avoid the singular case (c,2) for which the sys-
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tem gets stuck on a convex obstacle. In that case, traction force cannot be
provided because the effective distance
between wheel contact points is zero.
√
Lw0 has then to be bigger than 2Rw to avoid this singularity on convex
edges. Increasing too much this dimension has also a drawback regarding
ground clearance (c,3).
From these examples (simplified model and special cases), we already
intuitively notice the difficulty to implement a unique system adapted to
different scenarios. Having traction on both pairs of wheels [Figure 2.5(a)]
helps increasing the reaction force Fn,1a on the obstacle and consequently the
traction Ft,1a that is necessary to lift off the wheel. In that case, the complete
model has to be solved numerically. Simulation results, for instance, show
that it is difficult to design a system that allows for limiting the necessary
friction coefficient to less than 0.5 for a given obstacle (e.g. double step with
specific size in Figure 2.6). Even if a solution could be found, this result
would be sensitive to parameters: the magnetic force has to be ensured, the
mechanical and geometrical parameters have to be respected while designing
the robot (weight, size, position of the center of mass, ...). Furthermore, such
a system would not be universal because it would not be suitable for other
obstacle configurations: it would basically rely too much on friction.
1
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Figure 2.6: Static simulation of a robot with two pairs of magnetic wheels climbing
a double overhanging step. Left: experiment description. Right: necessary friction
coefficient µf , µr (front and rear) versus robot position. Simulation parameters:
mg = 50 N, Fmag = 250 N, Tw1 = Tw2 , Lw0 = 120 mm, zCM = 65 mm.

The problem has even no solution, if the arrangement and size of these
obstacles get more complex, especially if all wheels have two contacts with
the terrain (the robot gets stuck). This clearly shows the necessity to use
a system that decreases or cancels the unwanted magnetic force, in order to
implement a universal system able to face any combination of 90◦ surface
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transitions, almost independently from friction. Such a system would rely
only on the necessary friction for vertical climbing (µ ≈ 0.1 in this example).

2.5

Adapted magnetic wheel and locomotion
concept

2.5.1

Adapted magnetic wheel

After having discussed the necessity of having an adapted wheel modulating
the magnetic force on concave obstacles, this section discusses a few concepts
for such magnetic wheel units: first passive concepts, then active ones (Tâche
et al. 2007).

Passive magnetic wheel
By passive magnetic wheel, we refer to wheels that passively adapt their magnetic property regarding the shape of the terrain. An example is the wheel
proposed by Kawaguchi et al. (1995). Figure 2.7 reminds the mechanical
principle of the inner magnetic wheel that rolls on the outer ferromagnetic
tire. The magnetic force is then smoothly transferred from one surface to
the other. In this paper, the reliability of the system (risk of loosing contact
on the ceiling) is, however, not discussed. Indeed position (c) for which the
magnetic force is spread between the two contact points (one being an edge),
may be critical.

(a)

(b)

(c)

(d)

(e)

Figure 2.7: Passive magnetic wheel principle proposed by Kawaguchi et al. (1995).
Arrows show the movement of the inner wheel (blue) and outer tire (red) as well
as the evolution of the magnetic force (green).
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Active magnetic wheel
On the contrary, by active magnetic wheel, we refer to wheels that actively
modify their magnetic property in order to adapt to the terrain.
Global force modulation
Replacing the central ring magnet by an active coil allows for modulating
the magnetic force of the wheel. A first drawback of this electromagnetic
solution is that it does modulate the force in the same way on the whole
wheel circumference: this is a kind of global force modulation system. Not
only the unwanted magnetic force is reduced, but also the magnetic force
that is necessary for traction and adhesion: the robot may fall when passing
obstacles on the ceiling. Another major drawback is that a failure on the
power supply would cancel the magnetic force and would cause the robot’s
fall.
Local force modulation
Owing to the drawbacks of global force modulation systems mentioned above,
local force modulation systems are analyzed in more details. The most
promising concepts for such systems are illustrated in Figure 2.8.
F mag1

F mag1

F mag1

Systems “on”
F mag2

F mag2

F mag2

Coil
F mag1

F mag1

F mag1

Systems “off”
F mag2

(a)

F mag2

(b)

F mag2

(c)

Figure 2.8: Active magnetic wheel principles. (a) Electromagnetic, (b) linear
lifter and (c) rotary lifter.

In concept (a), the permanent magnet is replaced by active coils distributed on the wheel circumference. Decreasing the current in the correct
coil allows for decreasing the unwanted magnetic force. Concept (b) consists
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of using a linear mechanism that moves axially in order to lift off the wheel.
Yukawa et al. (2006) implemented this solution on the Type III robot. Concept (c) consists of using a rotary mechanism, rotating coaxially with the
wheel, that gets tangentially into contact with the terrain.
The linear lifter (b) works only when the unwanted magnetic contact
point is always located at the same position. Because in our complex-shaped
environment, the contact point with the terrain can be anywhere on the wheel
circumference, this concept does not make sense. Owing to the complexity
(wiring) and low efficiency of electromagnetic wheels (lower energy density
than powerful magnets), this concept is discarded.
Concept (c), a magnetic wheel unit integrating an active rotary lifter
mechanism, which is the most promising solution is retained. As illustrated
in Figure 2.9, the lifter mechanism consists of two powered rotating lever
arms mounted on each side of the wheel. The rotation axis of these arms
is common to the wheel rotation axis, but is independently actuated. These
arms have two complementary functions: they can either be used to lift off
the wheel in order to decrease the force at the unwanted contact point (lifter)
or to stabilize it laterally (stabilizer).

2.5.2

Wheel arms as lifters

As mentioned, the lateral arms can be used to lift off the wheel, in order to
decrease the magnetic force at the unwanted contact point on the circumference. The imbalance between the magnetic forces Fmag1 and Fmag2 then
solves the problem pointed out in Section 2.4.3. This imbalance can be modulated, depending if the lifter is applied perpendicularly [Figure 2.9(c)] to
the ground or not [Figure 2.9(b)].

Fmag1

Fmag1

Fmag1

Fmag2

Fmag2

Fmag2

(a)

(b)

(c)

Fmag2

(d)

Figure 2.9: The lateral lever arm mechanism is applied to slightly lift off the
wheel and decrease the magnetic force at the unwanted contact point. (a) Mechanism not activated. (b) Wheel slightly lifted. (c, d) Maximum lift off: lifter arms
perpendicular to the surface (side and front views).
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The unwanted magnetic force (Fmag2 in this example) can even be fully
canceled if the wheel is sufficiently lifted off. It is, however, safer to design it in
a way that an offset force remains when the lifter is applied perpendicularly
to the surface. Doing so, it prevents the wheel from fully losing magnetic
attraction force, in case the lifter is applied when the wheel is in contact with
only one ferromagnetic surface. One can notice that this is possible only for
flat surfaces, but not for pipe applications with varying diameters.
Because the lifter can reach any position on the wheel circumference,
this adapted magnetic wheel allows a two-wheel-pair robot to negotiate step
obstacles. In the sequence of movement depicted in Figure 2.10, it can be
remarked that the lifters of the front and rear wheels are effectively not
applied at the same position regarding the robot [see the reference position
marked by a dashed line for steps (c) and (f)].

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

Figure 2.10: Locomotion principle: side view of a robot negotiating a step obstacle. When a wheel has contact with two surfaces (b) and (e), the lifter arms are
used to slightly lift off the wheel (c) and (f).

This mechanism does not only allow for negotiating simple step obstacles
but even helps negotiating the most difficult type of obstacles when all wheels
are in double contact with the terrain. In that case lifters have to be applied
on all wheels simultaneously.

2.5.3

Wheel arms as stabilizer and robot concept

Among the potential wheels configurations illustrated in Figure 2.11, arrangements 2 , 3 and 4 have a major problem: there is a magnetic force decrease
(see Section 2.6.2 for details), when the wheels are not standing perpendicu-
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larly to the pipe surface b . The best solution to avoid this problem would be
to implement complex passive mechanics with virtual center of rotation on
the wheel-to-surface contact point. This solution allows for ensuring a maximal magnetic adhesion a , but unfortunately uses too much space, is complex
and heavy (Tâche et al. 2007). On the other hand, the two-aligned-wheels
arrangement 1 (motorbike wheel configuration), which is almost independent on the pipe diameter, has the main drawback of being laterally unstable
on inclined and vertical surfaces (auto stabilized by the magnetic force on
horizontal concave surfaces).
Side view
Front view
1
5

a

2

4

F mag,opt

α·F mag,opt

b

3

Magnetic wheel
Non-magnetic wheel
Magnetic or non-magnetic contact point

Figure 2.11: Two- to four-wheel arrangements: matrix of top view regarding side
and front views.

The chosen locomotion concept consists of assembling two adapted magnetic wheel units integrating an active rotary lifter mechanism, that can also
be used as wheel stabilizer. This compromise including two plus four wheels
(configuration 5 ) has the advantages of the two-aligned-wheels arrangement:
it is mechanically much simpler and consequently smaller than other wheel
configurations. Moreover, it can be laterally stabilized, if necessary, thanks to
the four lateral non-magnetic wheels: this, however, requires a smart control.
Steering is ensured thanks to an active DoF on the front wheel and surface
adaptation is ensured thanks to the free joint in the fork (Figure 2.12). This
system has then five active DoF (two driven wheels, one active steering and
two lifter-stabilizer arms pairs), one free joint on the fork and one flexible
joint. The latter is used to measure internal forces (robot deformation) and
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ensure the wheel to ground contact (control law described in detail in Section
2.7).
Steering unit
Free joint
Front wheel
unit

Flexible joint
Rear wheel
unit

Figure 2.12: Surface adaptation: robot on flat surface and in a pipe (200 mm).
The free joint on the fork allows for adapting to different environments: flat or
curved surface. The flexible joint allows for measuring internal forces (robot deformation) and ensuring the wheel to ground contact.

2.6

Robot design and implementation

A robot that can drive on surfaces with any orientation regarding gravity
requires special design attention. To avoid allowing the robot to fall, to
ensure stability, and to allow for climbing and obstacle passing ability, a good
compromise between the magnetic force of the wheels, the robot mass and the
power of the actuators has to be found while respecting the size constraints.
This section then presents the robot model, the main assumptions, the worst
cases and their consequences on the design.

2.6.1

Robot model: forces and torques

As depicted in Figure 2.5, the following forces and torques are considered
in the robot model: the magnetic forces at each contact point (Fmag,ix ),
the robot weight (mg), which includes the payload, the actuator torques
Tw/l,i , the traction forces (Ft,ix ) and the reaction forces (Fn,ix ), which define
the necessary friction coefficient (µix = Ft,ix /Fn,ix ). The main mechanical
dimensions used are the robot length Lw0 , the wheel diameter 2Rw and the
position of the center of mass (xCM , zCM ). The static equilibrium force and
torque equations were calculated for all robot positions on various obstacles
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and the results analyzed. An output example is presented in Figure 2.6. The
worst cases that were extracted from a combination of experimental results
(magnetic wheel tests) and simulation are described afterwards.

2.6.2

Magnetic wheels tests

The magnetic wheel used on the robot is depicted in Figure 2.13: it is composed of a central ring magnet (NdFeB), two ring rims (standard steel St37)
and an overmolded synthetic rubber tire (polyurethane). The magnet polarization is axial, so that the magnetic flux is closed through the wheel rims
and the contact surface.
wr

wm
Dm

Dr

dm

wt
Magnet, polarization and flux
Wheel rim: standard steel (St37)
Wheel tire: polyurethane (PU)

Fmag

Figure 2.13: Magnetic wheel description (side and front views): it is composed of
a ring magnet with axial polarization, two ring rims and a polyurethane tire.

Because data about magnetic wheel performance (relation between the
magnetic force Fmag , its mass and size) are necessary for the calculation, some
tests were performed. The magnetic force is measured by pulling the wheel
until it gets detached from the ferromagnetic surface: Fmag = Fdetach − mw g.
The goal of these tests is to analyze the influence of parameters such as the
rim width wr [Figure 2.14(a)], the tire thickness (air gap) wt [Figure 2.14(a)],
the tilting angle ϕ of the wheel [Figure 2.14(b)], the surface curvature κ and
shape of the ferromagnetic surface [Figure 2.15(a)]. For these experiments,
the ring magnet size is fixed to dm = 20 mm, Dm = 55 mm and wm = 5 mm.
The wheel rim external diameter is fixed to Dr = 59 mm.
The magnetic wheel properties are listed below:
a. The rim thickness wr clearly influences the magnetic force [Figure
2.14(a)]: the thinnest rims (1-5 mm) are saturated and the magnetic
flux is then not well guided toward the air gap.
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300

0

27

wt

0.8
0.6
0.4

ϕ

0.2
0
0

5

10

Wheel tilting [°]

15

ϕ

λFmag(ϕ=0)

(b)

Figure 2.14: Magnetic force on a flat surface. (a) Magnetic force on a flat surface
Fmag [N] versus wheel tire thickness wt for different wheel rim thickness wr : 1, 3, 5,
and 8 mm. (b) Magnetic force decrease λ [%] versus wheel tilt angle ϕ [◦ ]: average
and standard deviation for wheels with different tire thickness wt (0, 0.075, 0.15,
0.225, 0.3, 0.375, and 0.6 mm).

b. The expected quadratic effect of the tire thickness on the force (magnetic laws for simple systems with one air gap) is not obvious [Figure
2.14(a)]. This is due to the saturation effect mentioned previously. The
influence of the tire thickness is, however, not negligible.
c. The magnetic force decreases exponentially with respect to the lateral
tilt angle [Figure 2.14(b)]. For instance, a wheel tilted of 3◦ already
loses 25% of attraction force.
d. The same magnetic force is measured on both contact points for a wheel
positioned on a 90◦ concave edge (Figure 2.9: Fmag1 = Fmag2 when the
wheel is in contact with both surfaces).
e. The magnetic force decreases fast on sharp 90◦ convex edges: around
60-70% of losses [difference between crosses and triangles, respectively
diamonds and circles on Figure 2.15(a)]. The average air gap actually
becomes larger than on a flat surface [Figure 2.15(c)].
f. The force also slightly decreases with the surface curvature, because
the wheel does not perfectly fit on the surface: the wheel-to-ground
interface becomes two contact points instead of a line [Figure 2.15(b)].
Moreover, the average air gap increases with the surface curvature. This
effect is, however, not so important because the wheel is rather thin in
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comparison to the tube diameter: 10% difference between flat surface
and a tube with 0.25 m diameter [crosses on Figure 2.15(a)].
g. The environment (material properties, roughness) also influences the
magnetic wheel force. For instance, we can notice that forces are slightly
smaller in the real environment than in the laboratory environment
(St37) on regular surfaces [difference between crosses and diamonds on
Figure 2.15(a)]. However, we can notice that forces are rather similar (triangles and circles) on edges: this can simply be explained by
the fact that edges are actually not as sharp as on the experimental
environment.
Fmag
Magnetic force [N]

250
200
Test environment (St37)
Real environment
Test environement: edge (St37)
Real environment: edge

150
100

1/κ

50
0

Fmag,edge

Fmag
0

2

4

6

8

Environment curvature [1/m]

10

12

κ

(a)

(b)

(c)

Figure 2.15: Magnetic force Fmag [N] versus environment curvature κ [1/m].
This figure shows three influences: (b) surface curvature (x axis on graphic), (c)
sharp edges (triangles and circles on graphic) and environment material [laboratory
(crosses) versus real (diamonds)].

2.6.3

Necessary magnetic force

The magnetic force aims to ensure that the wheel does not lose contact [Figure 2.16(a)], but also provides enough traction force to move. Assuming a
minimum friction coefficient µ of 0.5 (measured), the absolute worst case is
to ensure that the robot is able to provide enough traction when climbing a
double overhanging step, when one wheel is on a sharp edge and the other
needs to get detached from a double contact point [Figure 2.16(b)]. This
case sets the minimum magnetic force. The force should, however, not be
over-dimensioned to minimize the load on the lifting mechanism.
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(c)

Figure 2.16: Locomotion concept, worst cases. (a) not loosing contact, (b) not
slipping, (c) maximal wheel actuator torque.

The static force model was calculated for the worst case using the results
of the magnetic wheel tests. The simulation results show that the magnetic
force (per wheel) should be at least five times the robot weight mg (estimated
to 50 N, including payload). The wheel dimensions are then set to wr = 8 mm,
wt = 0.4 mm, in order to get a force of 250 N as shown in Figures 2.14(a) and
2.15(a).

2.6.4

Necessary wheel actuator torque

The wheels actuators have to be strong enough to drive the robot in any
situation. The robot climbing vertically with one wheel which cannot provide
much traction [Figure 2.16(c)] determines the absolute maximum intermittent
load on the wheel’s actuator (one-wheel traction). This intermittent torque
can be estimated as Tw,int,min = mgr = 1.5 Nm. The worst case determining
the maximum continuous load on the wheels actuators happens when the
robot climbs a vertical wall for a long time (two wheels traction). This
corresponds to the half of the intermittent torque, respectively Tw,cont,min =
0.75 Nm.

2.6.5

Necessary lifter actuator torque

Concerning the lifters actuators, the worst case happens when a wheel has
to be lifted in the narrowest tube (respectively 200 mm of diameter). In
this situation, the lifter lever arm (xlif t ) is the longest and the lifter force
Flif t = (Fmag + mg/2) · Lw0 /(Lw0 − xlif t ) is the highest. The required
torque Tl,int,min = Flif t ·xlif t is then maximum. The exact calculation shows
that the necessary intermittent torque is 6.3 Nm. The result is obtained by
assuming that the lifter arm Ll is 21 mm long, the lifter wheel radius rl is
12 mm, the wheel lifts off 2 mm (on a flat surface), the robot is 120 mm long
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mg
½Flift

Flift

Rw

Lw

xlift Fmag

W

(a)

1/κ

mg

½Flift

Fmag
(b)

Figure 2.17: Lifter actuator torque worst case: lifting the wheel in the narrowest
pipe (200 mm).

(Lw0 ) and 130 mm wide (W ).

2.6.6

Necessary steering actuator torque

The steering torque (Ts ) necessary to steer the front wheel can be deduced
from the wheel geometry and the friction forces (Ff r,i ) between the wheel
and the surface: Ts = µ · (Fmag + mg/2) · (wm + wr )/2. The steering torque is
high for a climbing robot equipped with magnetic wheels, due to the magnetic
forces, which are several times higher than the robot’s weight and the high
friction coefficient of the wheel tire.
T steer αf

g

g

T steer αf

χ1

Fn
F mag

mg

Fn

F fr,1
(a)

g

χ2

Ts

T steer

χ3

Ts

αf

Ts

F fr,2

F mag

(b)

(c)

Figure 2.18: Necessary torque to steer the front wheel Ts and corresponding
torque on the steering axis Tsteer for different situations: (a) Flat surface. (b)
Curved surface. (c) Concave 90◦ edge.

The effective torque (Tsteer ) of the steering actuator depends on the robot
geometry and its location in the environment as depicted in Figure 2.18.
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The steering axis is inclined by an angle αf to satisfy the ground clearance
constraint on sharp obstacles. This inclination is also set, so that the angle
χ between the steering axis and the surface normal vector remains small
for extreme positions of the robot: on flat or curved surfaces (Figure 2.18).
A good approximation considering that there is no friction in the steering
mechanics allows for assuming that Tsteer = Ts /cos(χ). The required steering
torque is then Tsteer,int,min = 2.9 Nm, assuming the best friction coefficient
µ = 0.8 and the worst case steering inclination χ3 = 60◦ .

2.6.7

Prototype implementation

The main design issues having been presented, the feasibility of the concept
is demonstrated by the implementation of the MagneBike robot. This section
describes the main constraints in the implementation process.
Wheel unit
The main challenge is to implement a compact wheel unit integrating the
coaxial wheel and lifter mechanisms and their actuators. As illustrated in
schematic 2.19, the following choices have been made:
• Both actuators (wheel and lifter) have been positioned on top of the
wheel for compactness.
• The power transmission (wheel and lifter) is ensured by two trains of
spur gears, one on each side of the wheel.
• Collision with obstacle in front of the wheel unit must also be avoided.
Steering unit and assembly
The robot is then the assembly of two identical wheel units and a steering unit
that is added to the front wheel. The following constraints require special
attention:
• There must be no mechanical collisions, when the front wheel is steered
at 90◦ in the narrowest pipe as shown in Figure 2.12 (right).
• There must be enough ground clearance between the two wheel units
so that the robot can pass on 90◦ convex edges [see Figures 2.26 (c)
and (j)].
• The robot electronics and gears have to be protected from dust (for
real environment testing) by a housing (Figure 1.2).
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Actuator

Figure 2.19: Sketch of the wheel unit with coaxial lifter and wheel shafts. Shafts
are independently actuated through two different gear trains: one on each side of
the wheel.

Robot characteristics
Based on all these design considerations, a prototype (Figure 1.2) has been
built. Table 2.1 summarizes its main characteristics and further explanations
are given.
The wheels are equipped with synthetic rubber (PU) tires, in order to
increase the friction coefficient and protect the environment. The robot is
tethered with a cable that is used for communication, power and security.
Power autonomy is not yet an objective because a cable is in any case required: wireless communication might cause problems in thick metallic structures and power plant owners insist on having a security cable to pull the
robot back in case of failure. For more details about the mechanical and
electronic implementation, refer to Chapter 4.

2.7

Locomotion system control

This section describes two low-level automatic control functions, which are
necessary to control the active locomotion system. The first consists of avoiding the robot deformation when driving on irregular surfaces. The second
aims to automatically control the lifter/stabilizer arm mechanism.
1 Values may differ from those of Tâche et al. (2009) because the robot embeds a new
steering unit that is compacter and more reliable.
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Table 2.1: Characteristics of the locomotion platform: dimensions and values
without electronic1 .

Parameter
Size L × W × H
Height of center of mass zCM
Wheel distance Lw0
Wheel diameter 2Rw
Mass m
Mass repartition
Max. magnetic force Fmag
Wheel torque Tw,cont/int
Lifter torque Tl,int
Steering torque Tsteer,cont/int
Maximum speed vR,max
Steering rotation speed ωsteer

2.7.1

Value
185 × 131 × 153 mm3
65 mm
125 mm
60 mm
3.3 kg
Wheels: 25%, actuators: 18%,
gears: 22%, structure and housing: 36%
250 N (NdFeB magnets)
2.1 Nm (continuous)
6.7 Nm (intermittent)
7.7 Nm (intermittent)
2.3 Nm (continuous)
4.1 Nm (intermittent)
2.7 m/min
0.58 rad/s (33◦ /s)

Robot deformation control

Because both wheels are actuated and the surface is not flat, a first control
issue is to correctly distribute the speed commands between the wheels. This
problem is illustrated in Figure 2.20 by two examples: obstacle passing and
steering. If both wheels have the same speed when overcoming an obstacle
(top), the travel distances of both wheels (dSf and dSr ) are equal and the
robot gets deformed. The robot effectively does not slip due to the high
friction forces of the wheels (combination of high friction coefficient and high
magnetic forces). When the robot steers (bottom), the distance between
the wheel-to-ground contact points should be correctly adapted (vr 6= 0),
in order to avoid a wheel tilt. A wheel tilt would imply a magnetic force
decrease (Section 2.6.2), which could cause the robot’s fall.
The control solution that was retained consists of continuously measuring
the robot deformation d, which is proportional to the internal force generated
on the wheel unit connecting part, and consequently adapting the wheel speed
repartition. The robot deformation is measured via a strain gage that is glued
on the connecting part between the wheel units. The controller (Figure 2.21)
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Strain gage
vr

vf
vr= vf
vr≠ vf

dSf

dSr

vr= 0

vr≠ 0

Figure 2.20: Need for a differential speed controller when passing obstacle and
steering. Top: the robot deforms when passing an obstacle if vf = vr . Bottom: the
front wheel tilts when steering if vr = 0.

then attributes front and rear speed commands (vf,cmd and vr,cmd ) so that
their difference 2∆v is proportional [Proportional Derivative (PD) controller]
to the robot deformation d and their average is equal to the robot speed
command vR,cmd when driving straight(σe = 0).

Robot speed
command (vR,cmd)

Front speed
∆v = (Kp�d + Kd�∆d/∆t) command (vf,cmd)
vf,cmd = (vR,cmd - ∆v)/cos(σe)
vr,cmd = vR,cmd + ∆v
Rear speed
command (vr,cmd)

Robot
Front Wheel
Strain gage
Rear Wheel

Robot deformation (d)

Figure 2.21: Schematic of the robot deformation controller.

The graphics in Figure 2.22 show how the controller prevents the robot
deformation on a path with two convex and one concave edges. On the
left-hand graphics, the controller is not activated, both wheels receive the
same speed command vR,cmd . As expected, the robot gets deformed on edge
obstacles, the deformation is proportional to the internal force. One can
notice that the forces on the robot are high: up to 200 N. On the right-
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Figure 2.22: Robot deformation control. Top: experiment description. Bottom:
wheel speeds and internal forces on the robot without controller (left) and with
controller (right): one can see how the deformation is reduced.

hand graphics, the controller is active: the different wheel speeds clearly help
decreasing internal deformation forces on the robot body.

2.7.2

Lifter/stabilizer arm position control

To automatically control the lifter/stabilizer mechanism, it is necessary to
detect the contact between the stabilizer wheels and the surface. Figure 2.23
shows the contact sensor: it consists of a spring element on which a strain
gage is mounted (d). When there is no contact (a), the stabilizer wheel is
pushed at zero position by the spring element. When the wheel is used for
stabilization (b), the spring element is slightly deformed. A stopper allows
for blocking the wheel, in order to use the system as lifter and not to destroy
the strain gage (c).
It is necessary to ensure that both stabilizer wheels (left and right) are
in contact with the surface, otherwise the stabilizer function does not work:
measuring a given deformation (proportional to the contact force) does not
indicate if this is due to a stabilizer wheel that is too close to the surface or
if it is due to the robot weight that is unfavorable. The controller (Figure
2.24) then first determines if the stabilizer is in contact with the surface
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Strain gage

(a)

(b)

(c)

(d)

Figure 2.23: Contact sensor on the stabilizer arm. (a) No contact. (b) The wheel
is used for stabilization. (c) The wheel is used for lifting. (d) Implementation.

(dmin > dthresh ). If it is not yet in contact, at each control step it moves the
stabilizer arm from a constant angle ε, in order to get closer to the surface.
Otherwise, a PD controller adjusts the stabilizer position around the desired
deformation command dcmd . By considering the smallest deformation dmin ,
the controller ensures that both lateral wheels are in contact with the surface.
This control strategy is mainly induced by the mechanical construction: left
and right lifters are coupled and controlled by the same actuator.
Deformation command (dcmd )
Yes

dmin = min(dr , dl )
dmin > dthresh?
No

derr = dcmd - dmin
∆P = (Kp�derr + Kd�∆derr /∆t)
P(t) = P(t-1) + ∆P
∆P =K� ε
P(t) = P(t-1) + ∆P
Deformation right (dr )
Deformation left (dl )

Robot
Position
command (P)

Stabilizer

Strain gage right
Strain gage left

Figure 2.24: Schematic of the stabilizer position controller: it ensures that both
lifters (left and right) are in slight contact with the surface.

Graphics in Figure 2.25 illustrate the behavior of the lateral stabilizer
controller during a turn-on-spot movement (90◦ left turn) on a vertical flat
wall. Once the stabilizer function is activated (step 0), the arm moves with
constant speed until both wheels are in contact (step 1). Then the controller
stabilizes the robot based on the wheel that is the least in contact with the
ground (alternatively left and right), trying to follow the deformation (i.e.
force) command value dcmd (here equal to 5.5 N). Steps 2 to 5 also show the
necessity to have an automatic controller: even on a flat surface this maneuver
requires an adaptation of the stabilizer position (between 160◦ and 180◦ ).
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Figure 2.25: Front stabilizer position control. Stabilizer position and experiment
description (top). Force on contact sensors (bottom).

2.8

Experimental results: robot characterization

In this section, the concept functionality is proven through experimental
results. The robot characterization focuses on the following main points:
analysis of the robot mobility, its limitations and the admitted payload.

2.8.1

Mobility analysis

This first section analyzes in detail the claimed robot’s high mobility. This
is done by showing results of experimental testing. Most of the robot tests
were performed in a laboratory test environment. Its advantages are that it
is very modular and allows for testing complex obstacles configurations that
are not available in the real environment test facility. Furthermore, it is also
an excellent reference framework: it is easily reproducible for comparison
tests. Finally, it is easier to analyze the robot’s behavior because it is always
observable (not hidden inside a tube) by the user. As shown on Figure 2.26
this setup is simply an assembly of standard steel (St37) profiles: its surface
is then flat and clean.
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Key movements
The experiment on Figure 2.26 illustrates the key movements of the robot.
It starts on an overhanging horizontal surface (a), negotiates a 90◦ convex
edge (b-c), climbs a vertical wall (d) and then negotiates a 90◦ concave edge
(e-i). After having overcome a second 90◦ convex edge (j), the robot turns
on spot (90◦ left: l-o) and finally drives sideways on a vertical wall (p).

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

(k)

(l)

(m)

(n)

(o)

(p)

Figure 2.26: Experiment in a laboratory test environment: robot negotiating two
90◦ convex edges (a-c, j), a 90◦ concave edge (d-i), making a 90◦ left turn (l-o) and
driving sideways on a vertical wall (o-p).

This experiment especially shows that:
• The magnetic force is strong enough to hold the overhanging robot (a)
even on sharp edges (b).
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• The ground clearance is sufficient (c, j) to pass 90◦ convex edges.
• The robot can climb vertical walls (d, k, l): wheel friction coefficient,
magnetic force and wheel torque are sufficient.
• The lifter torque is strong enough to lift off the wheel (f) and (i). Additional tests were done to prove that it is strong enough even in the
worst case (smallest pipe diameter).
• The robot is not deformed thanks to the automatic deformation controller (c, g, j).
• The robot can maneuver about in narrow location by turning on spot
around its rear wheel (l-o). The deformation controller allows the robot
to keep the front wheel perpendicular to the surface (m, n).
• The robot can drive sideways by using the lifter arms as stabilizers (o,
p).
Complex movements
This section illustrates combinations of key movements and the ability to pass
over complex obstacle arrangements. The most critical obstacle combinations
that were tested are depicted in Figure 2.27.

(a)

(b)

(c)

Figure 2.27: Robot negotiating complex obstacles such as a double concave edge
(a), double convex edge (b), a gap-type obstacle (c).

The robot successfully:
• Drives on double steps with both wheels blocked on concave 90◦ edges
(a). This situation necessitates simultaneous activation of the front and
rear lifter arms.
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• Drives on double steps with both wheels on sharp convex 90◦ edges (b).
This is a critical situation regarding the necessary magnetic force, as
discussed in Section 2.6.3.
• Drives on a gap-type obstacle (c). This case is complex because the
second wheel has to slightly drive backwards to compensate for the
robot deformation, while the first wheel is climbing on the second edge.
This also illustrates the good functioning of the deformation controller.
Moreover, the robot is in a special situation: the rear wheel is on a
sharp convex edge, while the front wheel has to be lifted.

(a)

(b)

(c)

(d)

(e)

(f)

(g)

(h)

(i)

(j)

(k)

(l)

Figure 2.28: Experiment in a the real test environment: robot turning on spot
90◦ left (a-d), following a circumferential path (d-i) and turning on spot (90◦ right)
again (j-l).

Figure 2.28 reports other key movements that can be tested only in the
real environment. It shows the robot turning on spot on a curved surface
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(90◦ left, a-d), following a circumferential path (d-i) and finally turning on
spot (90◦ right, j-l). This experiment also shows:
• That the deformation controller allows for keeping front wheel contact
during a turn-on-spot movement even on a curved surface (b-c, j-k).
• That the magnetic force and friction are high enough to allow for driving
on any slope (circumferential path: d-i).
Limitations and restrictions
This section describes a few restrictions and limitations inherent to the robot
mechanics.

(a)

(b)

(c)

(d)

Figure 2.29: Obstacle angle of attack and limit obstacles: robot in front of a
convex (a) and concave (b) edge with an angle of attack of 14◦ , respectively 10◦ .
(c) Maximum concave edge: the fork touches the obstacle if inclination is smaller
than 75◦ . (d) Robot blocked in a gap-type obstacle: the fork also touches the
obstacle.

Obstacle angle of attack: Because the magnetic wheels should always
stand perpendicular to the surface in order to provide the maximum adhesion
force, the robot should optimally face edge obstacles perpendicularly. As illustrated in Figure 2.29, experiments were done to determine the maximum
acceptable angle of attack on convex (a), respectively concave (b) edges. It
results that the robot can still pass over the convex obstacles with a maximal angle of attack of 14◦ . The limitation is given by the magnetic force,
which gets too low, once the wheel has only a single contact point on the
sharp edge. Regarding concave edges, the maximal angle of attack is 23◦ .
For bigger angles, the wheel unit housing touches the obstacle before the
wheel: this prevents the wheel to be attracted by the second surface. For
both cases (concave and convex), there is a critical phase during which one
wheel is not standing perpendicular to the ground. This phase lasts until the
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magnetic force can balance other external forces and the wheel orientation
gets automatically corrected thanks to the fork free joint. It is of course
recommended to face obstacles perpendicularly, but these results show that
the robot provides a certain security margin for the user or path planer.
Limit obstacles: The robot has been optimized to fulfill ground clearance on both 90◦ convex and concave edges with tight margin. Therefore,
for mechanical reasons, it can at most negotiate 90◦ convex and 75◦ concave
edges as depicted in Figure 2.29 (c). Too complex obstacle combinations (d)
might also provoke collisions between the robot and the environment, and
therefore prevent the robot to overcome the obstacle.
Top view
Front view

g

Free joint of the fork
Wheel rotation axis

Figure 2.30: Mechanical singularity: the robot is unstable on sideway path obstacles (see the gravity vector).

Limitations on sideways drives: Regarding sideways drives, two limitations were identified. The first limitation is due to the fork instability.
In fact, the fork free joint implies a mechanical singularity that cannot be
compensated by the stabilizer arms. The specific position in which the robot
is unstable is illustrated in Figure 2.30: the free joint axis is parallel to the
front wheel steering axis, while it is perpendicular to the rear wheel steering
axis. Activating the stabilizer arms would apply a force that is perpendicular
to the free movement and would then not have any stabilization effect. This
mechanical singularity then prevents the robot from passing step obstacles
on sideways drives. A solution could be to include a fork blocking mechanism that can momentary be activated to stabilize the robot in these specific
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situations.
Because both stabilizer arms are mechanically coupled, they both have
to be in contact with the surface to ensure the robot stabilization (Section
2.7.2). This implies that the stabilization functionality can be used only if
the environment surface is laterally symmetric as illustrated in Figure 2.31.
If it is asymmetric (cases b and c), the stabilizer arms would slightly tilt
the wheel and the robot may fall due to the magnetic force decrease. The
stabilizer arm may also never touch the ground surface on convex surfaces
as shown on Figure 2.31 (d). The safe solution at the moment is to avoid
passing on those regions in a lateral way. The user or planer has to handle
that.

(a)

(b)

(c)

(d)

Figure 2.31: Laterally symmetric surface: the wheel unit is stabilized (a). Laterally asymmetric surface: the wheel unit cannot be stabilized (b, c). Slightly concave
surface: the left stabilizer wheel never touches the ground (d).

Mobility: summary
Now that the most critical cases and limitations have been presented, the
robot mobility is summarized by Table 2.2.
Longitudinal paths: The robot can drive with any orientation regarding
gravity on longitudinal paths. The only restriction is that the surface should
be laterally symmetric in order to drive on sideways paths.
Longitudinal paths with obstacles: The robot shows good abilities to
pass over 90◦ concave obstacles thanks to the lifter mechanism and to pass
over sharp 90◦ convex obstacles: the maximum angle of attack should be
smaller than 23◦ , respectively 14◦ . However, obstacles cannot be overcome
on sideways drives due to the free fork singularity.
Steering and turning on spot: Thanks to the deformation controller,
the robot is able to turn-on-spot on surfaces with different curvatures: the
rear wheel automatically adapts its speed, so that the front wheel always
stands perpendicular to the surface. Because this movement requires the
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Table 2.2: Robot mobility summary: key movements for different orientations
(gravity) and environments (flat, curved surfaces). 1 Only if the surface is laterally
symmetric. 2 Impossible due to the mechanical singularity (free fork).
Movements Longitudinal path

Obstacles

Turn on spot

Circumferential
path

Gravity g
Flat surface
Curved surf.







1
1







2
2





1 
1

1

stabilizer function on vertical surfaces, it also depends on the surface symmetry.
Circumferential paths: The experiments on circumferential paths show
that the robot can drive on any slope. For non horizontal tubes, lateral
symmetry is required.
Complex obstacles arrangement: The combination of these key movements and the capability to pass over complex obstacle combinations then
allows for driving to any location in the specified environment. This is illustrated by Figure 2.32, which shows a model of the available real test environment and the paths on which the robot successfully drove. The few identified
limitations are not critical. They slightly restrict possible robot trajectories,
but do not prevent to access any location in the specified environment. Furthermore, for safe navigation, complex maneuvers (e.g. passing obstacles on
sideways paths) should be avoided.

2.8.2

Payload and security factor

The maximum payload is an important characteristic for a climbing inspection robot because it describes which type of tools it can carry. Furthermore,
it is a way to provide a security factor: higher the admitted payload, lower
the probability to fall. The maximum payload cannot be quantified by a
single value, it is actually a complex matrix depending on the obstacle type
the robot has to overcome and its inclination regarding gravity. Moreover,
for each case, the payload can be limited by different factors: the adhesion
force, the friction coefficient (the robot starts to slip) or the wheel actuators
(the robot cannot climb anymore). A simulation program using the static
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(a)

(b)

Figure 2.32: Picture of the real facility available for testing. CAD model and
paths on which the robot successfully drove.

model presented in Section 2.4.3 and the robot characteristics would allow
for finding this complex matrix, that cannot be verified due to the number
of experiments that should be done. That is why the simulation was mainly
used to point out critical cases, which were then tested in reality. We also
limited cases to 0◦ , 90◦ , 180◦ and 270◦ inclinations that are more probable
in typical constructions. Three cases that correspond to several levels of
environment complexity were then analyzed in detail: they are summarized
in Figure 2.33. For payload tests described hereafter, the external forces
(payload) are applied on the center of mass of the robot.

Both wheels on sharp edges
As discussed in Section 2.6.3, due to the low magnetic force on sharp edges,
a critical case happens when both wheels are simultaneously on overhanging
sharp edges [Figure 2.33(a)]. In this situation, each wheel provides only 65 N
of magnetic force, while it would provide 250 N on a flat surface. Traction
tests showed that the robot gets detached with a force of 45 N. To test dynamic effects (robot speed and deformation controller), the obstacle passing
experiment was repeated with different payloads until the robot falls down.
In this dynamic case, the maximum payload is 35 N. The same experiments
could not be repeated in the real environment because it does not exactly
feature this very specific obstacle combination. Because magnetic forces on
edges are similar in the real environment (Section 2.6.2), a similar payload
can be expected. The payload-to-weight ratio then equals 1.
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(a) P = 35 N, P/W = 1

(b) P = 30 N, P/W = 0.86

(c) P = 120 N, P/W = 3.4

Figure 2.33: Maximum payload (P ) and payload-to-weight ratio (P/W ) for different cases: both wheels on sharp edges (a), single sharp-convex-edge obstacle (b),
and vertical climbing (c).

Sharp convex edge obstacle
The probability of having two convex obstacles with a distance corresponding
to the robot length (case described above) being low, it is interesting to
consider the typical single convex edge obstacle [Figure 2.33(b)]. This case
is, however, very similar because the critical point remains the low magnetic
force on the front wheel. Static pulling tests confirmed it: the maximum
static payload equals 35 N, while the dynamic tests showed that the robot
can at most carry 30 N of extra payload. The payload-to-weight ratio then
equals 0.86.
For these two first cases, the limitation is due to the magnetic force, but
is not due to slippage.
Vertical climbing
Finally, a third interesting case is the ability to carry payloads on vertical
walls. This corresponds to the maximum payload for an obstacle-free environment. In that case, the system is not limited by the magnetic force,
but by the robot traction force. Given the maximum continuous torque
(Tw,cont = 2.1 Nm) of the wheel transmission train, the theoretical maximum
payload is approximately (2·Tw,cont ·Rw )−mg = 105 N. The real tests showed
that the robot can carry up to 120 N on the flat test environment. The robot
can then carry 3.4 times its mass. Given the magnetic wheel tests (Section
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2.6.2), a payload of 120 N·0.9 = 108 N can be expected in the smallest specified tube (200 mm diameter), that is not available in the real environment
test facility. It respectively means carrying 3.1 times its mass. During this
test, the limitation came from the actuators, but was not due to slippage.

2.9

Conclusion

Many mobile robots that bring attractive advantages over conventional inspection methods have been developed. None of the existing locomotion concepts, however, satisfies the specific requirements of the challenging steam
chest environment described in Section 2.2. This environment effectively requires a locomotion concept with a high degree of mobility: it features complex combinations of step obstacles (90◦ convex and concave edges) with any
inclination regarding gravity. Moreover, the system has to be very compact:
the size is restricted to 200 mm (smallest environment diameter).
After having presented the state of the art in pipe inspection and wall
climbing robotic, especially robots equipped with magnetic devices, the obstacle passing problems for magnetic wheeled robots is analyzed and a wheel
unit integrating an active lifter/stabilizer system is proposed. Among the potential wheel units configurations, a locomotion concept including two aligned
wheels units and a steering unit is selected. The main design issues are then
detailed and the implementation of the innovative compact magnetic wheeled
robot (MagneBike) is described: it embeds five actuators for its five active
DoF (two wheels, two lifters/stabilizers, and one steering unit). It also embeds the sensors that are necessary to control the active locomotion principle.
The related low-level control functions (automatic deformation control and
stabilizer arm positioning) are presented in detail and experimental data reported.
This chapter also reports results on the robot experimental tests on a modular laboratory environment that allows for testing various complex obstacles
configurations as well as on the real application facility. This experimental
part mainly focuses on describing the claimed high mobility of the compact
robot. The results first show all the key movements that the robot can do
with any inclination regarding gravity: it can follow longitudinal paths along
pipe structures, can follow circumferential paths, can turn-on-spot on curved
surfaces and can drive on the side. The obstacle passing ability was also
extensively tested and analyzed: it was found that the robot can pass over
complex combinations of 90◦ concave and convex step obstacles with some
exceptions mainly due to the fork instability. This is the main limitation
that was observed during experimentation. As solution a fork blocking sys-
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tem has been integrated on the industrial version of the robot (see Chapter
4). Further experimentations allowed for identifying other minor restrictions
like the necessity to drive on laterally symmetric surfaces when the stabilizer
function is used. This chapter also analyzes important characteristics such
as the maximal angle of attack on convex and concave obstacles, as well as
the maximum payload for environments with different levels of complexity.
To conclude, the MagneBike can drive in environments never accessed
before by a mobile robot. It has certainly the highest mobility locomotion
system for ferromagnetic pipe environments with 200 mm (8”) space: it can
reach any location of the specified complex-shaped pipe structure. The path
toward the goal should, however, be selected to avoid the most difficult areas
identified by the experiments described in this chapter.

Chapter 3

Localization
3.1

Introduction

With the locomotion problem effectively solved, the next challenge consists
of defining a localization and control strategy. Because the path planning
problem is not trivial due to the complex shape of the 3D environment and
constraints on how to pass over obstacles with the active system, full autonomy is set as long-term objective of this project. In this chapter, the intermediate steps toward autonomy, respectively the 3D localization and mapping
problem is addressed. Because the robot is usually driving in confined environments out of the user field of view, the goal is to provide a visualization
tool/feedback that helps the human remote controlling the robot to take the
correct decisions. This means, providing the 3D position and orientation of
the robot (localization) in the 3D visualization of the environment (mapping).
Moreover, localization is necessary to precisely locate the identified defects
during inspection.
This chapter then focuses on the 3D localization strategy, its implementation and its characterization through field experiments. The constraints and
challenges of the localization problem are described in detail in Section 3.2.
The 3D localization strategy - the combination of 3D odometry, 3D scanning
and matching - is also discussed in this section. Section 3.3 discusses the
choice of the 3D range finder and its optimal implementation on the robot.
The algorithms and tools used to solve the localization problem are described
in Section 3.4. They are then characterized by presenting results of laboratory and field experiments in Section 3.5. Finally, conclusion is given in the
last section.
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3.2

Localization: problem statement and approach

The MagneBike application implies 3D localization in a new type of environment for mobile robots. In this section, we then describe the specifics of
this environment and the required accuracy of the localization system. Once
the constraints are presented, related work is discussed and a localization
strategy is proposed.

3.2.1

The MagneBike’s environment: specificity and requirements

The environment specifications have already been presented in Chapter 2
primarily focusing on requirements and constraints for the locomotion system. Typical environments (Figure 2.1) are analyzed again, but this time
from the point of view of the localization problem. The following constraints
are important because they differ from the conventional indoor and outdoor
robotic applications:
a. The robot drives in a confined space. It is then important to provide a
3D visualization tool to the user who cannot see the robot at all, once
it entered the structure.
b. The rather small size of the structure (diameters from 200 to 700 mm)
limits the range of observable features.
c. The structure is built of metal. The characteristics of this material
(brightness, texture, roughness) can influence the performance of range
finders (more details are given in Section 3.3).
d. The inner casing surface is also rather homogeneous. Color and texture
features cannot be used as robust environment descriptors. Furthermore, there is no natural light in the closed environment. Thus the
robot has to bring its own light source in order to use vision sensors.
e. The environment does not contain the typical 2D geometric features
(such as straight lines or planes) and geometric constraints (perpendicularity of lines and/or planes) often used as descriptors for indoor
mobile robotics. However, the environment can be described by parts
of cylinders, spheres or circles (edges at junctions or diameter changes).

3.2. LOCALIZATION: PROBLEM STATEMENT AND APPROACH

51

f. The shape of the environment is usually known by the inspector, but an
exact 3D model usually does not exist. A model could be reconstructed
from 2D drawings, but because the installations to inspect are rather
old, it is never ensured that these drawings are still available or up to
date (e.g. missing holes that could block the robot). The CAD models
presented in this thesis are, for instance, rough reconstructions (without
details, e.g. small holes, ridges) based on existing 2D drawings. For
the purpose of generality, it is later assumed that a 3D model is not
available.
g. To control the locomotion system (automatically or not), it is important to generate a model with a sufficient resolution that enables the
detection of obstacles that must be avoided or overcome by the robot.
h. Finally, because the MagneBike is a climbing robot that can drive on
surfaces with any inclination regarding gravity, the localization requires
to solve a full 3D problem, respectively six DoF. The problem cannot be
compared to most of indoor/outdoor robotics applications for which the
movement is often limited to horizontal planes (2D) or with rough terrain exploration rovers that consider slight orientation changes around
the horizontal plane (Bonnifait and Garcia 1999) and small vertical
displacement when negotiating obstacles (Lamon 2005).
Regarding the accuracy of the localization and mapping system, the following objectives were defined:
• For safe remote operation, the robot localization system should provide
a position feedback to the user with an accuracy of a few centimeters
(±5 cm).
• The inspection task, however, requires to locate identified defects with
more accuracy, respectively in the centimeter range (±1 cm).
• Regarding the orientation, the accuracy should be of ±10◦ , in order
to ensure driving the robot over obstacles with a safe angle of attack,
especially on convex edges as demonstrated in Section 2.8.1.
• The map resolution should be high enough to detect obstacles/holes
with a size of 1 cm at a distance of 0.5 m. This allows the user to
plan an appropriate trajectory to avoid/overcome obstacles with the
nonholonomic robot.
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Related work

As listed in the preceding section, the inspection robot environment differs
from the worlds of typical indoor/outdoor mobile robots. The related work
discussion, therefore, focuses on localization strategies for robots dedicated
to similar environments or having similar constraints.
For remote-controlled robots, vision sensors embedded on the robot provide the necessary feedback to the remote user. Camera image feedback is
sufficient to control the robots at pipe junctions, to guide the robot on curves,
to avoid obstacles, and to detect obstructions or the end of the area to inspect. The camera is often also the inspection sensor. Odometry is simply
based on wheel/caterpillar encoders. The length of the tether (if any) can
also be used to get a good approximation of the overall distance traveled.
Sewer and petrochemical pipe inspection robots from Inuktun Services Ltd.
(2010) and the Toshiba micro pipe inspection robot from Suzumori et al.
(1999) are typical examples.
When some autonomy is required, the robots use the environment features as landmarks for localization and navigation. For instance, the sewer
inspection robot KANTARO from Ahrary et al. (2007), a wheeled robot that
passively adapts its wheel orientation to the bends in the pipe, combines
stereo vision with a 2D laser scanner to detect landmarks. Ahrary (2009)
also proposes a landmark detection technique based on a camera and infrared sensors. The landmarks such as manholes, pipe joints or inlets can
be matched with an existing map of the environment. With this strategy,
the robot achieves full autonomous localization and navigation. A similar
strategy is used by Hertzberg and Kirchner (1996) to generate topological
maps with nodes at the junction of the pipes. Nodes are perceived with a
rotating ultrasonic transducer and classified using a neural network.
If the environment model is not available and the generation of a detailed
map is required, it is necessary to embed 3D mapping sensors. A typical approach is presented by Nüchter et al. (2003) for the KURT2 robot, a wheeled
robot designed for sewer pipe inspection. The robot is equipped with a 3D
laser scanner, a rotating 2D SICK laser range finder (Ye and Borenstein
2002). This sensor captures 3D point cloud measurements of the surrounding environment. The challenge then consists of constructing a consistent 3D
map based on consecutive 3D scans. An iteration of this process basically
consists of: acquiring a new 3D scan, aligning it to the existing data based
on odometry using a scan matching algorithm such as Iterative Closest Point
or Iterative Corresponding Point (ICP) (Besl and McKay 1992, Zhang 1994),
and improving alignment until reaching a cost function minimum. Finally,
the new data is included in the existing map, which enables the reconstruction
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of the sewerage pipe system.
Finally, the most advanced results in the field of inspection and exploration are the Groundhog and Cave Crawler robots, which are designed
to explore abandoned mines (Thrun et al. 2004, Morris et al. 2006). The
Groundhog robot is fully autonomous and uses software packages that solve
the Simultaneous Localization And Mapping (SLAM) problem: the robot
builds a map and simultaneously localize itself relatively to this map. In
addition to using 2D scan matching to build a 2D map of the environment,
the robot also acquires 3D range scans at periodic intervals. These scans
are used to analyze the free space available in front of the robot, in order to
upgrade the 2D map to a 2.5D map that integrates the traversability of the
local area. This information is finally used to efficiently plan the robot path.
To conclude this overview, the literature does report on systems with advanced 3D localization and mapping ability; however, these systems are either
too large and heavy or/and have only limited climbing mobility. The aforementioned robots are, for instance, designed to work in horizontal pipes/corridors networks with low elevation changes, and they are only able to pass
over small obstacles. On the other hand, the climbing robot literature reports
on many small-sized climbing systems with high mobility but not integrating
localization and mapping sensors. Papers actually mainly focus on locomotion concepts; refer to Chapter 2 for related work about locomotion concepts
and mobility. In this chapter, we, however, present a 3D localization and
mapping concept for the small-sized climbing robot driving in full 3D environments from which no map is known ahead of time.

3.2.3

Localization: strategy

Because the MagneBike is a climbing robot, solving the localization problem
consists of determining its position and orientation (six DoF) in a 3D space.
The number of reachable positions and relative orientations are, however,
limited because the robot is constrained to drive on the environment’s surface.
Before presenting the localization strategy that is selected for the MagneBike,
other approaches and their rejection criteria are briefly discussed.
Because the robot is working in thick metallic structures located in indoor
environments, using a Global Positioning System (GPS) or a beacon system
is not an option. Tracking systems are also not suitable because there is
no location from which the system can continuously track the robot in the
closed environment composed of L and T intersections. Approaches based on
inertial measurements (IMU) are also rejected due to their unbounded error
growth. These kinds of sensors (e.g. gyroscopes) are then not appropriate
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for the MagneBike that is moving slowly in its maneuvers about the complex
environment. Furthermore, magnetometers are of no help in the specified
metallic environments.
Odometry approaches are better suited because their errors drift with
distance and not with time. An approach based on a full complex internal
state model is, however, also discarded, as it would necessitate the integration
of many sensors to precisely measure the robot state in space: for instance,
sensors to measure the orientation of the free joint on the front wheel unit fork
and the contact angles between the wheels and the environment surface (refer
to Section 3.4 for a detailed robot model). The contact angles could also be
computed by projecting a 3D model of the robot on a detailed model of the
environment and applying physical contact constraints. This is, however, a
very complex geometrical problem, and the environment model is assumed
to be unknown anyway, as discussed in the specifications.
Hence, we propose a localization strategy based on a simplified 3D odometry model that uses only wheel encoders and a three-axis accelerometer to
estimate the surface orientation with respect to gravity. Because the robot
moves slowly, it can be assumed that the accelerometer measures only the
gravitational acceleration vector. Outliers of the acceleration values (e.g.
due to shocks when the robot gets magnetically attracted by a step obstacle) are easily filtered. Three-dimensional odometry is then combined with
3D scan matching. Odometry is used to track the position between scans
as well as prior knowledge for the scan matching algorithm. Starting from
a known position, the strategy then consists of continuously performing the
four following steps:
a. Move - 3D odometry: the robot moves and tracks its position and
orientation using 3D odometry.
b. Stop - 3D measurement: the robot stops to get a high-resolution
3D measurement of the environment.
c. Local map registration: a scan matching algorithm is used to compute the 3D transformation between the two last 3D scans (taken at
time t − 1 and t). The result of the odometry computed in step a is
used as prior knowledge for the scan matching algorithm: this allows
to update the robot position as well as to locally extend the 3D map.
d. Global registration: if a pairwise matching (step c) were performed
only between consecutive scans, the scan matching error would propagate along the robot trajectory. If redundant matching were to be
performed (e.g. between nonconsecutive scans if the robot explores the
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same location from different points of view), a global optimization algorithm could be used to optimize the network of 3D transformations.
This last step allows to decrease the error propagation and update the
global map.
This approach is then very similar to the one of Groundhog (Thrun et al.
2004), but extended to full three dimensions and applied to a new type of
environment. To use this strategy, it is first necessary to find or design the
appropriate 3D range finder for the MagneBike. This is presented in the next
section, the implementation and performance of each step of the localization
strategy are detailed in Sections 3.4 and 3.5.

3.3
3.3.1

3D range finder for the MagneBike
3D range finder selection

The first issue is to select the appropriate 3D range finder for the MagneBike.
It first has to fit on the small-sized robot and satisfy payload constraints.
Moreover, it has to work properly in the environment to inspect, whose specific characteristics have been described in Section 3.2.1.
Because the environment surface (texture, color) is rather homogeneous,
stereo vision is not a promising solution to build a 3D representation of the
environment. The small amount of detected features that can be matched on
both images and used as 3D measurements would be insufficient.
3D time-of-flight cameras that deliver 3D images at high frame rates,
such as the SwissRanger (Weingarten et al. 2004), have two main limitations
regarding this application. Preliminary tests showed that such sensors have
very low precision when the incidence angle to the target is high, especially on
metallic surfaces. Having such a sensor pointing forward on the MagneBike
would lead to this worst case. Furthermore, even if the sensor provides a 3D
image, it is still necessary to rotate it to get a full 360◦ local visualization of
the environment because of its rather limited field of view.
A laser range finder that provides high density point clouds and allows
us to construct 3D maps of the environment is the best option for the MagneBike application. The typical rotating SICK (Wisspeintner et al. 2008) or
Velodyne (Beeson et al. 2008) sensors are very precise but far too big and
heavy for the robot. Our choice then converged to the laser range finders from
Hokuyo, especially the URG-04LX (Kawata et al. 2005) because of its small
size (50×50×70 mm3 ) and light weight (approximately 0.16 kg). It has, however, to be verified that this sensor works properly in the steam chest environment and can be upgraded into a 3D Laser Detection and Ranging (LADAR)
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system of reasonable size by adding a rotational DoF. These two aspects are
addressed in the following sections.

3.3.2

Hokuyo URG-04LX characterization

Before using the Hokuyo URG-04LX laser range finder, we had to verify
that it would be suitable for measuring the specific steam chest environment.
In this framework, a detailed characterization was performed (Kneip et al.
2009). The former paper provides a detailed and complete characterization
of the sensor by checking the commonly known issues with 2D laser range
finders (Stone et al. 2004) and their dependencies on, for example, target
surface properties, distance, and incidence angle. The usual experiments
known from the works of Ye and Borenstein (2002) on the SICK LMS200
and Alwan et al. (2005) on the PBS-03JN have been extended with some
specialized tests to check the dependency of the measurement on the sensor
orientation or the influence of the ambient light. A characterization of the
sensor was also done by the team of Okubo et al. and their results were
actually published simultaneously (Okubo et al. 2009).
Here follows a list of the main results; for details, refer to Kneip et al.
(2009). The experiments done on the steam chest material provided similar
characteristics to the electrical steel presented in the former paper:
• Drift effects: there is a continuous drop of the measured distance over
the first 30 minutes, the sensor should then be started half an hour
before the beginning of experiments for better performance.
• Sensor spatial orientation: the measurements are affected by the sensor
orientation, especially when it is laying upside-down. For instance, the
relative error at 1.5 m (-2.4%) is slightly higher than the relative error
in the normal upstanding position (-1.7%).
• Ambient light: the tests show that the absence of ambient light (sensor
operating in the closed steam chest environment) has no significant
influence on the sensor readings.
• Target surface properties (color, brightness, material): the tests showed
a clear influence of these three parameters on the relative measurement
error. The standard deviation is, for instance, slightly higher for dark
surfaces (3.4 mm) than for bright surfaces (2.3 mm), but the repeatability of the measurements is sufficient.
• Target distance: the most critical result is that certain types of targets
are not measurable up to the maximum range (5.6 m). Tests on the
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steam chest material show that the sensor can measure up to 5m if the
incidence angle is low.
• Incidence angle on the target: the standard deviation is increasing with
the incidence angle. The critical result is that the maximum incidence
angle that still supports a reliable measurement is strongly depending
on the target’s shininess (reflectivity). In the steam chest environment,
the maximal incidence angle at 1.5 m is 70◦ . This effect will of course
affect the precision of the 3D model because in pipe-type environments
the incidence angle of the laser beam will increase with the distance
when the robot drives longitudinally in the pipe.
The Hokuyo is then the most appropriate sensor for the MagneBike. It
is compact and lightweight, and the detailed characterization did not point
out any rejection criterion.

3.3.3

3D LADAR design and implementation

The common way to implement a 3D range finder based on a 2D scanner is
to add an active DoF to provide the third dimension. For example, this was
implemented with a 2D SICK laser by Surmann et al. (2001) and with a 2D
Hokuyo sensor by Ueda et al. (2006). Owing to size and weight constraints,
an optimized custom design is necessary for the MagneBike. This section
then presents the main design issues and the compact implementation, as
well as the characteristics of the 3D LADAR.
Position and orientation of the rotation axis
The position and orientation of the rotation axis is an important design issue
because it influences the following 3D LADAR characteristics: the spatial
density and coverage of the measurements, the scanning time, and the space
used by the sensor. These characteristics are discussed in detail for the four
possible ways of rotating the 2D scanning plane, rolling, pitching, yawing and
yawing top scan methods (Figure 3.2) according to Wulf’s definition (Wulf
and Wagner 2003):
• Rotation axis position: if it is set in the geometrical center of the 2D
range finder, the system requires less volume to achieve a 360◦ rotation.
However, it induces a hole in the 3D scan as illustrated in Figure 3.1(b),
if the axis is offset. In addition to blind zones, the borders of these
holes disturb feature detection algorithms because they are hard to
differentiate from edges in the environment. For these two reasons, we
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Scanning plane

(a) Axis in the 2D scanning plane

(b) Axis in the center of the sensor

Figure 3.1: 3D scanner: position of the rotation axis. Projection of laser beams
on a virtual sphere for the rolling scan configuration. If the rotation axis is not in
the 2D scanning plane (b), a hole appears in the 3D scan. In any case, there is a
blind zone due to the 240◦ field of view of the 2D range finder.

prefer solutions with the rotation axis within the 2D scanning plane
[Figure 3.1(a)], if they can satisfy space requirements.
• Spatial coverage: the density of a point cloud is higher in regions that
are close to the rotation axis, as depicted in Figure 3.2. Owing to the
240◦ field of view of the Hokuyo 2D range finder, it can be noticed that
parts of these regions are scanned twice, thus increasing their point
density. Because coverage is an important criterion for the registration
algorithms (and for visualization as well), the coverage criterion is a
strong argument against the rolling scan method that covers only the
front field of view of the robot. The yaw scanning top method has a
similar blind zone, but on the bottom side where the robot stands.
• Spatial density: the rolling scan method has the advantage to provide
the highest density in front of the robot, providing the highest resolution
in the driving direction. This is important for obstacle avoidance.
• Scanning time: the rolling and yawing top scans provide a full 3D scan
by a rotation of only 180◦ . These methods have the advantage of being
twice as fast as others.
• Scanner size: as discussed previously, the necessary space to get a 3D
scan mainly depends on the position of the rotation axis. Because
rolling and pitching scan methods require more vertical space (the most
critical dimension of the robot), yaw and yaw top scan methods are
more advantageous for the MagneBike.
To summarize, rolling scan configuration is mainly rejected because it
does not provide full 3D coverage. The pitching scan configuration, as the

3.3. 3D RANGE FINDER FOR THE MAGNEBIKE

59

z
x

z
y

x

(a) Rolling scan
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(d) Yawing top scan

Figure 3.2: Comparison of possible scanning orientations as defined by Wulf and
Wagner (2003): influence on the point density and surface coverage in a cylindrical
environment. Blind zones (rolling and yawing top) are due to the 240◦ field of view
of the Hokuyo sensor. The x axis represents the robot driving direction.

rolling configuration, has the main drawback of necessitating more vertical
space and being slower. Therefore, the yawing top scan method is chosen
because it allows faster scanning than the yawing configuration that has
similar characteristics.
3D LADAR implementation and characteristics
The optimal position and orientation of the rotation axis having been discussed, the final design choices and the 3D LADAR implementation are presented. The 3D scanner is actuated by a DC motor, this allows us to set
the scan resolution by adapting the motor speed. To get a compact design,
a construction with worm gear transmission was used. Even if there is an
encoder on the motor shaft, an absolute encoder is mounted on the Hokuyo
sensor shaft, in order to precisely measure its absolute position: any backlash in the system can then be compensated. Furthermore, for reusability in
other projects, the main shaft is hollow. It allows us to mount a slip ring
and consequently use the system in continuous turning mode. To increase
compactness, it can be removed because 180◦ rotation is sufficient to get a
full 3D scan with the yaw top scan method. For more details about the
mechanical and electronic implementation, refer to Chapter 4.
The final assembly on the MagneBike is shown in Figure 3.3. The blind
zone is located below the robot, where the scanner would scan the robot
body. The 8.6◦ inclination allows us to optimally scan the surroundings of
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240°

236 mm

8.6°

(a)

(b)

Figure 3.3: 3D range finder (rotating Hokuyo URG-04LX) mounted on the MagneBike robot. (a) CAD model and field of view. (b) The MagneBike equipped with
the 3D LADAR.

the robot and favors areas in the driving direction. The main characteristics
of the 3D LADAR are summarized in Table 3.1.
Table 3.1: 3D LADAR characteristics.

Parameter
Size of the mechanics W×L×H
Mass with / without Hokuyo
Backlash on the main shaft
Absolute encoder resolution
Hokuyo URG-04LX resolution
3D scanner resolution
3D scan time (for 0.36◦ resolution)
Number of points (for 0.36◦ resolution)
Maximum rotational speed

Value
50 × 67.5 × 55 mm3
0.34 / 0.18 kg
<1◦
0.09◦
0.36◦ (3 mm at 0.5 m)
Adjustable
50 s (180◦ rotation)
683 × 500 = 341,500 points
3 rpm

One can see that the sensor resolution satisfies the requirements presented
in Section 3.2.1. With 3 mm resolution at 0.5 m, this resolution allows us to
detect obstacles with a size of 10 mm: there are at least three points on the
target obstacle. A 3D scan taken in the real environment with full resolution
- 0.36◦ resolution on elevation and azimuth angles - and with downsampling
to 2.5% of the data is shown in Figure 3.4. We can see the high density of
points in areas close to the scanner (origin indicated by arrows) as well as
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Figure 3.4: 3D scan taken in real environment (cut views) with full resolution
(0.36◦ ) (left) and with downsampling to 2.5% of the points (right). The point color
represents the laser incidence angle on the surface. The arrows indicate the origin of
the 3D scan. To ease the understanding, an approximate sketch of the 2D contour
is drawn. For details about the environment that was scanned, refer to Figure 3.15
later in this chapter.

the blind zone below the robot.

3.4

Localization: model and tools

The 3D range finder having been presented, this section describes the tools
that are used to implement steps a and c of the localization strategy proposed
in Section 3.2.3, respectively, the 3D odometry and the local registration
algorithm.

3.4.1

MagneBike description and model

As illustrated in Figures 3.5 and 3.6, the MagneBike consists of seven rigid
bodies: the front and rear wheel units integrating lifter/stabilizer mechanisms, the steering unit, the free fork and the 3D Hokuyo LADAR. To fully
define the state of the articulated and deformable system and its interaction
with the environment through the two magnetic wheels, 10 coordinate frames
are defined (Figure 3.5):
• C and D: coordinate frames of the rear (respectively, front) wheel contact points. They describe the interaction between the robot and its
environment: x (forward) and y (side) axes are tangent to the surface,
and the z axis is normal to it. The contact angles are defined as δr and
δf .
• A and B: coordinate frames of the rear (respectively, front) wheel units.
They are centered on the wheel axis, with z axis pointing vertically when
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Figure 3.5: MagneBike model: coordinate frames definition. x, y, and z axes are
represented by red, green, and blue arrows.

the robot stands on a horizontal flat surface (dashed line and black dots
in Figure 3.5). In that position δr and δf = 0.
• S: steering unit coordinate frame. The steering unit is linked to the
rear wheel unit through a flexible joint. It is used to measure internal
forces by the very small robot deformation, in order to control the
relative wheel speeds as presented in Section 2.7.1. The flexible joint is
described by the angle β. Both the accelerometer frame I and the 3D
scanner frame H are fixed to the steering unit body.
• H: Hokuyo 3D scanner. The orientation of the scanner is given by
coordinate frame H. It is tilted from angle φ regarding frame S.
• F: fork coordinate frame. The fork, mounted on the steering axis, is
rotated from an angle σ around the z axis of frame S. σ is measured
with an absolute encoder mounted on the steering shaft. Frame F is
positioned on the top of the fork.
• J: free joint coordinate frame. The free fork angle γ (rotation around
the x axis) describes the free joint between the fork and the front wheel
unit. There is no sensor mounted on this axis. This coordinate frame is
actually on the same rigid body as B, but it is introduced for readability
reasons.
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• I: inclinometer (accelerometer) coordinate frame. It is fixed to the
steering frame, but is necessary to define the accelerometer position
and orientation on the robot.
• R: robot coordinate frame. This frame is used to integrate the robot
position. It is positioned between frames C and D (robot on a flat
surface) at a distance LR = Lw0 /2 from C.

γ
β

σe
σ

Figure 3.6: MagneBike description (without 3D LADAR): flexible joint between
wheel units (β), free joint on the fork (γ), and steering angle (σ on the steering
axis and σe on the plane).

The coordinate frames of the front and rear lifters are not represented
because they are not important for localization purposes. All five locomotion
DoF (wheels, lifters and steering) are equipped with relative optical encoders
mounted on the actuators shafts.

3.4.2

2D odometry

Because 3D odometry is an extension of 2D odometry, we start by describing
the MagneBike 2D odometry model illustrated in Figure 3.7. It is simpler
to understand and helps the reader to get an insight into the 3D model.
Assuming that the robot does not slip, the kinematic model of the motorbiketype robot is given by its linear velocity vW in the world frame and its
rotational velocity on the plane ω:

 

cos Ψ − sin Ψ
vR cos σR
vW = Rz (Ψ) · vR =
·
(3.1)
sin Ψ cos Ψ
vR sin σR
ω=

vR
RICR,R

sin σR
=
vR
LR


σR = arctan

LR · tan σe
Lw


(3.2)
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with vR representing the robot velocity in the robot frame R, σe the
effective steering angle of the wheel, RICR,R the distance of the robot frame
to the Instantaneous Center of Rotation (ICR), and Ψ the orientation of the
robot in the world frame.
Ψ

σe

vf
dSf

σR

Lw
LR

R

vr

dSr

vR

dSR

RICR,f
RICR,R

xW
yW

RICR,r

dωf

dωR
dωr

σe

zW

ICR

Figure 3.7: 2D odometry model for the MagneBike (top view).

The position can be estimated by integrated the robot position and orientation in the world frame:


cos σR
pk+1 = pk + dpk = pk + Rz (Ψk ) ·
· dSR
(3.3)
sin σR
Ψk+1 = Ψk + dωR = Ψk +

sin σR
· dSR
LR

(3.4)

dSf · LR · sin σe
(3.5)
Lw · sin σR
with dSf representing the distance traveled by the front wheel, dSR the
corresponding distance traveled by the robot and Lw the wheel distance.
Because the steering axis is not perpendicular to the surface, the wheel
distance Lw and effective front wheel steering angle σe are functions of the
steering angle σ (measured on the steering axis) and the robot deformation
β. Given that the robot state is not fully determined for each steering position σ (contact angles δf and δr and the fork angle γ are unknown and not
measurable), Lw and σe have to be computed numerically. The two following
mechanical constraints are used:
dSR =
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• Constraint 1: because the surface is flat, the z axis of coordinate frames
C and D always remain parallel and perpendicular to the surface. The
z axis of D expressed in coordinate frame C or D is equal to ez (Eq.
3.6). The rotation matrix from frame C to frame D is a pure rotation
around z of angle σe (Eq. 3.7):
zD |C = RCD · zD |D = RCS · RSF · RFJ · RJD · ez = ez

(3.6)

RCD = Ry (−δr +αr +β −π)·Rz (σ)·Rx (γ)·Ry (αf +δf ) = Rz (σe ) (3.7)
• Constraint 2: on a flat surface, the contact point of the front wheel is
at distance Lw on the x axis of coordinate frame C, respectively the
vector CD expressed in C is equal to Lw · ex :
CD|C = CA|C + RCA
· { AS|A + RAF · [ SJ|F + RFJ · ( JB|J + RJB · BD|B )]} = Lw · ex
(3.8)
Once the equations system (Eqs. 3.6 and 3.8) with the four unknowns
(Lw , δf , δr and γ) has been solved, the effective steering angle σe can be
computed using rotation matrix RCD (from Eq. 3.7):


σe = arccos RCD[1,1] = arcsin RCD[2,3]
(3.9)
The values of the effective steering angle σe , the robot length Lw , the fork
inclination γ, and the contact angles δf and δr in function of the steering angle
σ (for β = β0 = 140◦ ) are then precomputed and stored in a lookup table.
They allow to integrate the robot pose using Eqs. 3.2 to 3.5.

3.4.3

3D odometry for the MagneBike

If the robot is moving around on an uneven surface, it would be necessary
to measure the fork inclination γ and the contact angles δf and δr to get
an exact model for 3D odometry [conditions 1 and 2 from Eqs. 3.6 and 3.8
are valid only on flat surfaces]. Integrating more sensors to measure these
values would make the system very complex to improve odometry that is
in any case prone to integration errors. Instead we present a simplified 3D
odometry model that is used to track the robot pose between 3D scans and
to provide an initial guess for the 3D scan matching. The model makes the
following assumptions:
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• The robot moves on a flat plane Πk of orientation Rk (rotation matrix
from plane to world) during the short integration step dt between the
discrete sampling time tk and tk+1 . The 2D odometry model is used to
compute the robot displacement dpk on plane Πk (Figure 3.8). This
assumption allows us to estimate the robot state, respectively the contact angles, the fork angle as well as the robot length as presented in
the 2D model. Knowing that the environment is comprised of curved
surfaces, this assumption is valid in most cases, e.g. when the robot
is driving longitudinally in pipe structures or surface with high curvatures. The model is, however, not accurate when the robot negotiates
step obstacles because of the poor approximation of the contact angles.
• The robot orientation is updated using the robot rotation on the plane
(due to steering) and the readings from the 3D accelerometer that is assumed to measure only the gravitational acceleration. This assumption
is applicable because the robot moves slowly. Because the accelerometer
allows for the observation of only two DoF (plane inclination regarding gravity without information about the robot orientation around the
gravity vector g), the robot orientation estimation model is augmented
with a filter estimating the local surface curvature.
• The robot body is assumed to be rigid (β = β0 = 140◦ ), even if there
is a bit of flexibility between the wheel units. This assumption is valid
because the wheel speed controller tries to cancel this deformation as
described in Section 2.7.1.
• The front wheel displacement dSf is used to compute the robot displacement dSR (Eq. 3.5) and the rotation ω (Eq. 3.2). The rear wheel
displacement dSr is actually prone to a singularity: when the steering
angle is close to 90◦ (e.g. robot doing a turn-on-spot movement), the
rear wheel gets close to the ICR and its displacement tends to zero.

Position and orientation estimation
For the robot position update, the small displacement dpk on the plane
Πk is computed with the 2D odometry model extended to 3D with dpk =
(cos σR , sin σR , 0). Regarding the orientation, the available measurements are
the robot rotation on the plane due to steering (ωR ) between time tk and tk+1
and an acceleration measurement aR taken at time tk+1 . The corresponding
rotations parameterized as axis angles are respectively the robot rotation
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Πk+1
dpk
Πk

zW

(pk,qk)

dωR

(pk+1,qk+1)

yW
xW

Figure 3.8: 3D odometry model: during integration step tk to tk+1 , the robot
moves by dpk and rotates from dωR on the plane Πk .

expressed in the robot frame R:
dω = dωR · ez

(3.10)

and the plane rotation measured in the world frame W that can be approximated as:


aR
g
dω a = Rk ·
×
(3.11)
kgk
kgk
with Rk the robot/plane orientation at time tk and aR the acceleration measured at time tk+1 . This approximation is valid because the robot moves (respectively rotates) slowly and the state is updated at a high rate (>20 Hz).
This first assumption implies that only small rotations are measured; the
cross product is then a correct approximation of these rotations. Furthermore, it can also be considered that the accelerometer measures only the
gravitational acceleration. High accelerations due to impacts on obstacles
are easily be filtered.
The robot orientation can then be updated by adding these two contributions:
Rk+1 = R (dω) · Rk · R (dω a ) = e[dω]x · Rk · e[dωa ]x
(3.12)
R (dω) denotes the rotation matrix equivalent to the small rotation dω, and
the symbol [.]x is used to denote the cross product matrix (a skew-symmetric
matrix). Equation 3.12 can be written in quaternion form (quaternions are
preferred for the implementation):
qk+1 = q (dω a ) ⊕ qk ⊕ q (dω)

(3.13)

with q (dω) the quaternion representing the small rotation dω and ⊕ the
quaternion multiplication operator.
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Figure 3.9: 3D odometry model limitation. Simulation of a circumferential path
in an inclined pipe. Pipe diameter = 0.6 m, inclination = 30◦ , start position =
(0,0,0). The ground truth is plotted in gray and 3D odometry in black.

The limitation of this approach is that the 3D accelerometer provides
only partial information about the robot orientation, respectively the plane
inclination regarding gravity but not the robot orientation around the gravity vector. The robot heading is integrated only when the rotational velocity
of the robot on the plane is not null. This effect can be illustrated by two
extremum cases. If the robot follows a circular trajectory on a flat plane,
the heading is fully defined by integrating ω. If the robot follows a circumferential trajectory in an inclined tube (it does not need to steer; ω = 0),
the acceleration information is insufficient to determine the robot orientation. The model does not provide any heading component, which actually
remains constant. This limitation leads to the trajectory depicted in Figure
3.9, which was generated from simulation data (encoder and accelerometer
measurements without noise).
Orientation estimation: extended model
Knowing that the environment is mainly built out of cylindrical and spherical
sections, the model is enhanced with a correction term from an estimate of
the local surface curvature. Because the cylinders can have any inclination
regarding gravity, the curvature κ is estimated in the robot frame, while the
corresponding rotation error ∆r is estimated in the world frame (measurement frame). Because the curvature changes over distance, its prior model
is based on an exponentially decaying function of the traveled distance (Eq.
3.15). Thus, the curvature is effectively estimated over a limited distance
window of the past data with the distance constant τS . This model also
maintains the fact that the curvature remains unchanged when the robot
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does not move (dSR = 0).



κx
∆r = R ·  κy  · dSR = R · κR · dSR
κz W
κ̇R (t) = −

1 dSR
κR (t)
τS dt

− τ1 dSR

κR (t) = e

S

(3.14)

(3.15)

The problem then consists of estimating the robot orientation (Rk or qk ),
i.e. the following continuous time error state model:


∆ṙ
κ̇R



0
0

ẋ (t) =





 

dSR
dSR
r
=
+ υ̃
·
·
− τ1S · I
κR
dt
dt


dSR
= A (t) · x (t) + υ̃
dt
or its discrete version:
"
xk+1 =

R

I
0

 R · dSR
R
1 − dS
·I
τS

(3.16)

#
· xk + υ k (dSR )

(3.17)

= Fk · xk + υ k (dSR )
The process noise is modeled as a function of the robot displacement
and time independent because x is steady when the robot stands still. The
error state x is estimated with an Extended Kalmann Filter (EKF) using the
following residual measurement function:
h(aR , x) =



g
aR
×
R·
kgk
kgk

(3.18)

This function effectively measures the rotation error based on the current
acceleration measurement aR and the robot orientation estimation R. The
residual function is null if the orientation prediction is correct and if the
acceleration measurement is exact. Hence, the residual measurement is used
to update the error state x, namely the correction term that is applied to
update the robot orientation.
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Sensor model and covariance matrices of the EKF
The error state and measurement models having been defined, we define
the covariance matrix of the measurement noise R̃, the observation model
Hx , and the process noise covariance matrix Q. With these definitions,
the specification of the EKF can be completed, namely the state covariance Pk+1|k = Fk · Pk|k · FkT + Qk and the innovation covariance matrix
T
Sk+1 = Hx,k+1 · Pk+1|k · Hx,k+1
+ R̃k+1 .
The accelerometer is assumed to be rotationally symmetric without any
cross-correlation between the three acceleration components. The sensor covariance matrix ΣaR and its implication R̃ on the residual measurement model
can be written as
R̃ = HaR · ΣaR · HaTR

ΣaR = I · σa2R

(3.19)

with
HaR =

[g]
δh
= − ×2 · R
δaR
kgk

(3.20)

The observation model Hx necessary to compute S is given by
Hx =

δh 
=
δx

δh
δ∆r

δh
δκR



=



I

0



(3.21)

The result can be derived by approximating the residual function as h =
(dr · R · aR /kgk) × g/kgk with dr = e[∆r]x ≈ I + [∆r]x .
The process noise υ is assumed to be zero-mean Gaussian. To avoid complexity, we also assume no cross-correlation as well as rotational symmetry
in the rotation error and curvature model. Because the robot state is fully
defined when the robot stands still, the process noise is set proportional to
the distance traveled dSR . The state covariance matrix P then increases only
when the robot is moving. The covariance of the process noise is then defined
as


 T
I · σr2
0
Q = E υυ
=
· dSR
(3.22)
0
I · σκ2
The variance σr2 can be interpreted as the noise level on the orientation
estimation due to surface roughness. If the surface has a constant inclination,
the curvature κ is null and the only rotation contribution is noise. The
variance σk2 represents the variation of the environment curvature and is
assumed as normal with zero mean. This is approximately true because the
robot spends most of its time driving along the longitudinal axis of pipe-type
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structures (curvature close to 0). The likelihood of driving on curved surfaces,
typically in intersections or on circumferential paths, is lower. Furthermore,
the probability of overcoming step obstacles, equivalent to driving on surfaces
with very high curvatures, is the lowest.
Because the rotation about z (∆rz ) is in the null space of h(aR , x), it is
unobservable and the corresponding covariance continuously grows with distance. Furthermore, because the surface curvature has only two components
(along x and y), the error state model is simplified to its four-dimensional
version x = (∆r, κ) = (∆rx , ∆ry , κx , κy ). The matrices defined above then
become


R̃ = I2x2 · σa2R
Hx = I2x2 0


(3.23)
I2x2 · σr2
0
Q=
· dSR
2
0
I2x2 · σκ
All matrices having been defined, the robot orientation estimation procedure consists of first predicting the robot orientation at time tk using the
error state estimate x̂k|k :


q̂k+1|k = q ∆rk|k ⊕ q̂k|k ⊕ q κk|k · dSR
(3.24)
with


∆rk|k =

∆r̂
0




κk|k =

κ̂
κz


(3.25)

The robot’s rotation around the z axis of the robot frame due to steering
sin σR /LR · dSR (Section 3.4.2) can be interpreted as the z component of the
curvature vector, namely the path curvature with κz = sin σR /LR . The error
state is then updated with the Kalman filter equations, using the residual
measurement function (the first two dimensions of Eq. 3.18) and dynamically
updating the innovation S and error state P covariance matrices.

3.4.4

Local maps registration: pairwise scan matching

If two 3D scans taken at different locations have some overlap, it is possible
to find a rigid body transformation between these two scans. A common way
to solve this problem is to use the ICP proposed by Besl and McKay (1992),
Zhang (1994). In the literature, many different variants of the algorithm are
proposed and compared by Rusinkiewicz and Levoy (2001). We then give a
brief overview of the five ICP algorithm steps and the variant that was used.
1. Selection: this optional first step consists of selecting some points in
one or both input scans A and B. The main goal is to reduce the
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computation time of step 2, which is the most demanding. Examples
are uniform subsampling, random sampling, or selection of points that
contain much information (high-intensity gradient, color). Our implementation uses random sampling because of its low computational cost.
The selection and validation of an optimal percentage ratio is discussed
in more details in Section 3.5.3.
2. Correspondence finding: for each point in scan A, the goal is to find the
closest (respectively corresponding) point in scan B. This step is the
most expensive regarding computation time. Our implementation uses
a kd-tree (Bentley 1975), which reduces the complexity to O(N log M ),
with N and M the number of points in scan A and B.
3. Correspondence pair weighting: this optional step consists of assigning
some weights to the corresponding point pairs found in step 2. The
weights can, for instance, depend on the point-to-point distance or the
compatibility of the normal vectors. Our implementation does not use
any weighting algorithm.
4. Correspondence rejection: this additional optional step consists of rejecting some corresponding point pairs (somehow assigning weight 0
to bad correspondences) in order to increase the accuracy of the 3D
transformation. This mainly helps to remove erroneous pairing due
to partial overlap of scans, sensor noise, and dynamic obstacles. This
can be done by rejecting pairs with a point-to-point distance above a
threshold, by rejecting a certain percentage of pairs based on a metric
criterion, or by rejecting pairs that are not consistent with neighboring
pairs. Our implementation uses a Relative Motion Threshold (Pomerleau et al. 2009), which adapts the rejection threshold depending on
the convergence velocity of ICP.
5. Error metric and minimization: once two sets of correspondence points
have been found and sorted, the goal is to find a rigid-body transformation T that minimizes an error metric. This metric is often the
mean squared distance between points in scan A and its corresponding
transformed points in scan B; it is known as the point-to-point metric. Faster convergence can be achieved using point-to-plane metric
(Rusinkiewicz and Levoy 2001), which is used in our implementation.
The later metric computes the mean squared distance from points in
scan A and the plane containing the corresponding points in B and
oriented perpendicular to its normal vector. The normal vector is computed in a preprocessed step using the 20 nearest neighbors of each
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point in scan A. In the case of point-to-plane error, no closed-form
solution exists for 3D point clouds. The selected method linearizes the
problem, assuming small angle variations in between iterations, and
solves the equation system using a Cholesky factorization.
Steps 2 to 5 are iteratively repeated until a stopping criterion is reached,
which often consists of checking that the difference between the mean squared
distance used in step 5 of the current iteration and the previous one falls below
a fixed threshold or that a maximum number of iterations has been reached.
For faster convergence and increasing the probability of converging to the
global minimum - convergence to a local minimum is ensured and proven by
Besl and McKay (1992) - the output of 3D odometry can be used as an initial
guess or prior for the first iteration.

3.4.5

Combining 3D odometry with 3D scan registration

As mentioned previously, the 3D scans and their registration not only are
used to construct a global 3D model of the environment but also allows us
to refine the position of the robot. 3D odometry and scan matching are
combined as follows:
• 3D odometry is used to continuously track the robot position between
consecutive scans. The transformation given by odometry (TODO,ij in
Figure 3.10) is used as a prior for ICP.
• Because relative transformations given by scan matching (TICP,ij ) are
more precise than 3D odometry, which drifts faster, the robot trajectory computed with 3D odometry is updated with the transformation
returned by scan matching (thick solid trajectory in Figure 3.10).
Figure 3.10 shows a schematic in which all transformations are expressed
in the same frame (for instance in odometry frame R). The scan registration
transformations are computed, however, in the 3D range finder frame H. This
is rather important because both frames do not move of the same quantity
when the surface is uneven. More details about this are given in Section
3.5.6, which discusses the results.
Even if scan matching provides precise results, it gives only relative transformations between scan positions, and alignment errors are still accumulated
along the trajectory. The relative orientation to the world frame is then slowly
lost, if only the start orientation is known or taken into account. This is critical for the user because it is important to know not only the orientation of the
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Figure 3.10: 3D odometry and scan matching combination (schematic model).
The ground truth is represented by the dashed trajectory. The trajectory computed
with pure 3D odometry is drawn with a thin solid line, and the thick solid line
represents the trajectory combining scan matching with odometry. The dots show
the scan positions computed by scan matching, and the squares show their positions
if only odometry were used.

robot relative to the environment but also the orientation of the environment
relative to the world frame. The orientation of the 3D visualization is correspondingly adjusted using the accelerometer readings, which provide reliable
and absolute measurements with respect to the gravity vector. The map may
then be distorted, but locally aligned with the gravity frame. Ideally all measurements should be used and optimized, but this is not a trivial problem.
The complete fusion actually implies to develop detailed error propagation
models for both scan matching and 3D odometry. This complex modeling is
planed as future work.

3.5

Experimental results

This section aims at evaluating the performance of the localization strategy
and tools proposed in this chapter - i.e. 3D odometry and 3D scan registration as well as their combination - through experiments with the MagneBike
robot. 3D odometry is first tested on laboratory reference environments such
as a pipe of constant diameter or step-type obstacles (Section 3.5.1). These
well-defined geometrical structures allow us to easily repeat experiments for
which the ground truth trajectory is available and to evaluate in detail the
performance of the model. Section 3.5.2 then describes the field experiments
that were performed to characterize the localization procedure in real conditions. Because in this case the exact ground truth is not available, the result
of scan registration is used as limited ground truth for the evaluation of 3D
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odometry. The characterization of 3D scan matching is then first presented
in Section 3.5.3 followed by 3D odometry characterization in Section 3.5.4.
The combination of 3D odometry with 3D scan registration, actually the final result of the localization and mapping procedure, is presented in Section
3.5.5. Design guidelines and further results are finally discussed in Section
3.5.6.

3.5.1

3D odometry: implementation, model validation,
and evaluation

Because the 3D odometry model is the most significant contribution and a
low-level component of the proposed localization procedure, it is first characterized in detail through experiments in known laboratory environments for
which ground truth is available.
Filter parameter setting
Regarding 3D odometry, the first step is to set the parameters of the Kalman
filter used to estimate the robot orientation. These parameters are determined by characterizing the different sources of noise on sensors and on the
system.
Acceleration sensor model
Because the accelerometer (frame I) is not mounted parallel to the odometry
frame R, its orientation relative to the plane (δr ) is changing with the steering
angle (σ). The acceleration measured in the inclinometer frame has to be
transformed into the plane (respectively robot) frame R with:
aR = RRR0 · RR0I · aI

(3.26)

RR0I is the calibration matrix that corrects the offset between the inclinometer and a horizontal surface when the steering angle is null. Assuming
that there is no heading offset, RR0I can be measured through accelerometer
measurements when the robot is placed on a horizontal surface. RRR0 corrects the offset due to the steering, respectively a rotation of δr0 − δr around
the y axis.
The noise on the acceleration vector was measured in some accelerometer
calibration data sets in which the sensor was set in many different orientations. It was also measured with the sensor mounted on the robot to confirm
that the robot’s electronic does not generate extra noise on the measurements.
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The noise variance σa2R on the acceleration vector aR /kgk was measured equal
to 0.00632 rad2 .
Setting the process noise matrix Q
As mentioned in Section 3.4.3, σr2 can be interpreted as the noise level on
the orientation estimation due to the surface roughness. To estimate it,
the robot was driven longitudinally in a straight pipe and the noise on the
2
acceleration vector was measured. Because the measured variance σm
is the
combination of the sensor and roughness noise, the pure sensor noise σa2R has
to be subtracted:

2
σr2 = σm
− σa2R /dSR
(3.27)
The surface roughness noise variance σr2 was measured equal to 0.035 rad2 m−1 .
The variance σk2 representing the variation of the environment curvature
is more difficult to estimate. As discussed in Section 3.4.3, the distribution is
assumed Gaussian with zero mean. The typical range of radii of the cylinders
goes from 200 to 700 mm, respectively curvatures between 2 and 1.4 rad m−1 .
When the robot overcomes step obstacles (typically 5 to 10 cm high), this
is equivalent to drive on surfaces with high curvatures, i.e. curvatures up
to ±10 rad m−1 . This result is obtained by simulating the robot trajectory
on a step obstacle and looking for the highest curvature on the path. If we
consider that this maximum value corresponds to the 3σk value of the normal
curvature distribution, its variance σk2 can be estimated as 11 rad2 m−2 .
Filter parameters
The last parameter of the filter is the distance constant τS of the curvature model (Eq. 3.15). This parameter was first intuitively set to 0.2 m
(slightly bigger than a robot length). It was, however, empirically found
that values around 0.01 m provide a more stable estimation of the curvature.
The final set of parameters used in the results presented hereafter is then:
σa2R =0.00632 rad2 , σr2 =0.035 rad2 m−1 , σk2 =11 rad2 m−2 and τS =0.01 m.
Model validation and evaluation
The 3D odometry model was first validated with simulation data. The simulation presented in Figure 3.9 is repeated and the robot trajectory perfectly
fits with the ground truth. The same trajectory was then carried out with
the MagneBike, i.e. a circumferential trajectory in a 0.6 m tube inclined by
30◦ . The resulting 3D odometry trajectories without and with curvature estimation are plotted in Figure 3.11 with the ground truth in gray. It clearly
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shows the benefit of the model including the curvature estimation, but also
the drift propagated over the 1.88 m-long path.

0.5
0.4

0.4

z [m]

z [m]

0.3
0.2
0

0.2
0.1
0

−0.2
0.2

−0.1
0

−0.2

−0.4

−0.2
0.2
−0.6

y [m]

−0.8

−1
−0.4

(a)

−0.2

0

0.2

x [m]

0.4

0
−0.2

y [m]

−0.4

−0.4

−0.2

0

0.2

0.4

x [m]

(b)

Figure 3.11: Orientation estimation model validation. 3D odometry (in black)
on a circumferential path without (a) and with (b) curvature estimation. The pipe
has a diameter of 0.6 m and is inclined by 30◦ , and the ground truth trajectory is
plotted in gray.

For a more detailed characterization of 3D odometry, three types of trajectories were actually tested. The robot has first been tested on circumferential
trajectories in a pipe with an inner diameter of 0.6 m. Experiments were done
for different inclinations of the pipe, i.e., 0◦ (horizontal), 30◦ and 60◦ . The
robot was also driven on helical trajectories (1m in length) in the same pipe
with the same three inclinations. These first six experiments allow us to show
the performance of the 3D odometry model in a typical curved environment
and full 3D trajectories with typically overhanging positions. The robot was
finally climbing over a metallic box (80 mm high, 417 mm long) placed on a
horizontal and a 30◦ inclined plane. These two last experiments allow us to
show the errors induced by the model approximations when the robot drives
on discontinuous surfaces. For all the aforementioned tests, the ground truth
trajectory was drawn on the environment and the robot was remote controlled to follow the drawn path. Each experiment was repeated 10 times, in
order to get an error distribution model of the accumulated odometry error.
Figure 3.12, for instance, shows five circumferential trajectories in a horizontal pipe (in black); the ground truth trajectory is shown in gray. One can
first see that all trajectories follow the shape of the ground truth pipe. This
figure also provides an insight into the error propagation along the trajectory
- the pipe curvature is first overestimated, then underestimated - and how
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Figure 3.12: 3D odometry of five circumferential trajectories (in black) and ground
truth trajectory plotted in gray. (a) 3D view, (b) side view, and (c) top view.

trajectories differ. For a detailed quantitative evaluation of the accumulated
errors, refer to Tables 3.2 and 3.3 which provide an overview of the translation and rotation errors at the end of the different types of trajectories.
Tables 3.2 and 3.3 actually show:
• dx, dy, dz: the average of the absolute translation errors at the end
of the 3D trajectory. The average is an appropriate descriptor of the
translation error, because 3D errors are not randomly distributed. The
errors are systematic (see Figure 3.12 for an example) and can be described by the centroid of all error measurements. This type of error
distribution was observed for all data sets.
• dt: the average of the absolute 3D translation errors (Euclidean distance).
• dθ: the average of the absolute rotation errors.
• dS: the average of path lengths. The path length of each experiment
is estimated by integrating the wheel encoders data (average of both
wheels).
The standard deviation (σ) is also given for dx, dy, dz and dθ. Table 3.3
finally shows the translation and orientation error propagation rates, i.e.
dt/dS and dθ/dS.
From the tables one can conclude that the translation error is between
0.05 to 0.14 m per meter traveled and the rotation error is between 2 to 11◦
per meter traveled. These are very good results considering that the system
follows full 3D trajectories and that the localization problem is solved by
using only two wheel encoders and a three-axis accelerometer. 3D odometry
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Table 3.2: 3D odometry evaluation (part I). Average and standard deviation of
errors for eight different trajectories. Each experiment is repeated ten times.

Trajectory,
inclination [◦ ]
Circle, 0◦
Circle, 30◦
Circle, 60◦
Helix, 0◦
Helix, 30◦
Helix, 60◦
Step, 0◦
Step, 30◦

dx ± σx
[mm]
-196±004
-126±088
-152±035
182±140
-105±133
-623±135
53±010
88±009

dy ± σy
[mm]
- 31±036
- 40±021
9±042
- 52±097
147±067
437±186
3±019
23±029

dz ± σz
[mm]
-188±007
-115±104
- 3±003
- 91±031
- 69±015
- 24±020
- 25±016
- 15±018

dt
[mm]
275
187
157
241
220
777
63
97

dθ ± σθ
[◦ ]
7±04
7±03
20±09
15±14
22±13
35±14
3±01
5±02

Table 3.3: 3D odometry evaluation (part II).

Trajectory,
inclination [◦ ]
Circle, 0◦
Circle, 30◦
Circle, 60◦
Helix, 0◦
Helix, 30◦
Helix, 60◦
Step, 0◦
Step, 30◦

dS
[m]
1,917
1,876
1,879
2,170
2,157
2,149
1,171
1,186

dt/dS
[%]
14.4
10.0
8.4
11.1
10.2
36.1
5.4
8.1

dθ/dS
[◦ /m]
3.5
3.6
10.9
7.1
10.2
16.1
2.2
4.0

then seems to be a good candidate to track the robot between scans and to
be used as a prior guess for the scan registration problem: these points are
discussed in more detail in the following sections.
In Table 3.3 there is, however, an outlier, respectively the helical trajectory inclined by 60◦ for which the error is significantly higher. This case illustrates the main limitation of the odometry model that happens on sideways
drives, respectively when the y axis of the accelerometer is aligned with the
gravity vector. In this particular case no orientation change can be detected
by the accelerometer and the robot is somehow blind. This situation actually
happens at the beginning of the helical trajectory. The odometry estimation
then quickly diverges from the real trajectory. The absolute worst case is a
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pure sideways trajectory such as a horizontal circumferential path illustrated
in Figure 3.13. Without prior knowledge about the surface curvature (initialized to 0), the estimated trajectory is close to a horizontal straight line.
The robot then cannot track its position between 3D scans using odometry,
but 3D scanning and matching can still provide information to the system to
locate the robot at scan positions. The distance between consecutive scans
should, therefore, be smaller in such situations.
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Figure 3.13: Limitation due to the 3D odometry model. Circumferential path in
a vertical pipe with 0.6 m of diameter; pure 3D odometry in black versus ground
truth in gray. The 3D scanner and ICP enable us to solve that issue.

Figure 3.14 finally shows the step obstacle passing experiment with 30◦
inclination. It especially illustrates the influence of two model assumptions:
(1) the use of the 2D odometry model (flat surface) to compute the contact
angles: this model is not accurate on such obstacles where surfaces are perpendicular; and (2) the continuity of the the surface curvature (filter memory
effect) that does not allow us to model discontinuous surfaces such as edges.
These assumptions lead to the smoothed trajectory shown in black on Figure
3.14. The gray trajectory shows the ground truth trajectory of the odometry
frame (R). The trajectory shape is not exact, but the final localization error
is low as shown in Table 3.3 (8.1% in translation and 4◦ /m in rotation).

3.5.2

3D localization: experiments in real environment

To evaluate the performance of the localization concept in field conditions,
the system was tested in a steam chest environment (extended version of
the CAD model presented in the preceding chapter, Section 2.1). The steam
chest that is available for testing is shown in Figure 3.15(a). This part is
actually out of power plant for repair purposes and hence has the advantage
of being easily accessible. Furthermore, thanks to the multiple openings
the robot can be tracked by the operator and easily retrieved in case of
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Figure 3.14: 3D odometry (in black) on a box-type obstacle. The figure also
shows the ground surface as well as the ground truth trajectory of the odometry
frame (R) in gray.

failure. It should be noted that at the current stage of the project (i.e.
developing localization techniques for characterization and improvements),
this is the only real application part available. Accessing other real facilities
during outage time to get more data sets will be allowed only for a reliable
industrialized version of the MagneBike.
Figure 3.15 also shows CAD models of this environment and the three
trajectories that were carried out (dotted paths). They were selected to be
as various as possible and to cover a wide range of complexity regarding 3D
localization. It should be mentioned that the CAD drawings are actually
approximate models used to facilitate the understanding of the experiments
presented hereafter but they cannot be used as ground truth. In the first
experiment [Figure 3.15(b)], the robot is mainly following longitudinal paths
in the cylindrical sections. On this path the robot is mainly driving straight;
nevertheless it has to avoid the big bottom hole and encounters several step
obstacles. In the second experiment [Figure 3.15(c)], the robot follows a helical trajectory with two loops in the central cylinder. The robot then reaches
a broad spectrum of 3D orientations, in particular upside-down positions.
The third experiment [Figure 3.15(d)] is the most complex trajectory. It has
almost no straight sections; the robot has to avoid the bottom hole and then
drives on curved and side inclined surfaces. The trajectory is also fully 3D
and contains a circumferential path. The most interesting property of this
trajectory is that it is a closed loop. The robot drives back close to its start
position and scans the same pipe section from different points of views.
For these experiments, the robot was remote controlled by a human operator and 3D scans were taken approximately every 0.1 m. The path lengths
and number of 3D scans of each trajectory are respectively 5.8 m (59 scans),
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Start exp. #1

Start exp. #2

Start exp. #3

4m

(a) Picture of the real environment

(b) Experiment #1

(c) Experiment #2

(d) Experiment #3

Figure 3.15: Experiment description. (a) Picture of the real facility available
for testing. (b-d) 3D CAD models (cut views) and paths of the three experiments
that were carried out. The start positions of the trajectories are shown on the
environment picture and by crosses on the CAD models.

4.3 m (37 scans), and 4.2 m (42 scans). Each experiment was performed once.

3.5.3

3D scan registration characterization

The scan registration method (ICP) presented in Section 3.4.4 is then applied
on these scan data sets. Because the test structure has several openings, the
external surroundings of the test environment can be in the field of view of
the 3D scanner. To be in real operating conditions (only one opening to place
the robot in the structure), all points that do not belong to the inner casing
of the structure were removed (manually filtered). The points belonging to
the robot body are also automatically removed because they remain static in
the scanner frame. Figure 3.16 for instance shows the result of the 3D scan
registration applied to the 59 scans of the first data set.
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Figure 3.16: 3D point cloud reconstruction (cut view) of the inner surface of the
real application environment (first experiment). Gray dots indicate the positions
where 3D scans were taken (3D range finder frame).

Point cloud downsampling optimization
The downsampling of the 3D point clouds has a strong influence on scan
matching. Actually the ICP computation time, that is O(N log M ) when
using kD-trees, can be drastically reduced by decreasing the number of points
to process. To use the localization tool online, it is then important to keep
the computation time low, while not losing precision. The downsampling
rate (λ) was then optimized for the given application.
The optimization is done using the two last scans of the third experiment
because they were taken at close positions and have a high overlap. Because
there is no exact ground truth available, the ground truth is defined as the
result of scan matching using all the points (λ = 1). The translation error |t (λGT = 1) − t (λ)| between both 3D transformations T (λGT = 1) and
T (λ) is used to measure the error induced by downsampling. The product
between the computation time and the translation error is used as optimization criterion. Figure 3.17 summarizes this optimization process. The scan
registration was repeated 50 times for different downsampling rates from 0.5%
to 20%. The error distributions are reported in box plots on the left-hand
figure. Their weighted median values are fit with an exponential function represented by the dashed curve and the 95% confidence interval. Figure 3.17
shows subsampling rates only from 0.5% to 4% but the fit was done with
percentages up to 20%. From 4%, all trials are in the confidence interval.
The optimization criterion (for N = M = 341, 500 points) is shown in Figure
3.17(b). The minimum of the confidence interval indicates that randomly selecting 2.5% of the points is a good compromise to reduce computation time
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Figure 3.17: Scan matching: downsampling rate optimization. (a) Squared translation error vs. downsampling rate λ. The ground truth is given by matching both
scans without downsampling (λ = 1). (b) Cost function defined as the product of
computation time and translation error. The two last scans of the third experiment
were used to perform this optimization.

and not loose precision. The results presented hereafter are then generated
with this subsampling rate.
3D mapping
Figure 3.18 shows the result of the registration applied to the 42 scans of
the third data set with 2.5% downsampling. The yellow dots represent the
sensor positions (frame H) where 3D scans were taken. Similarly, Figure 3.16
and 3.20 show the reconstruction of the first and second experiments. By
looking in more detail at these figures, it can be noted that there is a dark
track along the scanner positions. This is actually due to points belonging to
the robot structure that were not perfectly filtered. Furthermore, even if 3D
scans are correctly aligned some outlier points appear below the main pipe in
Figure 3.16. These points taken by the last scans of the experiment illustrate
the lower precision of the sensor when the distance and incidence angle are
high, as pointed out in Section 3.3.2.
These reconstructions qualitatively show that ICP allows us to correctly
align scans and to build consistent 3D maps. A quantitative evaluation is,
however, difficult because there is no exact ground truth available for experiments carried out in such complex environments. We can take benefit from
the loop closing of the third experiment to compare the global registration
from scan 1 to scan N (T1N = T12 ·T23 ·...·TN −1N ) to the limited ground truth,
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Figure 3.18: Result of 3D scan matching and environment reconstruction of the
third experiment (cut views). Yellow dots indicate the scan positions in the sensor
frame H. Left: side view. Right: bottom view. 2.5% of points are used for scan
matching and for this reconstruction visualization.

respectively the registration between scan 1 and N (T1N0 ) evaluated with a
high percentage of points (λ = 1). This evaluation leads to a translation
error of 20 mm for a traveled distance of 4.2 m. This result gives an insight
in the error accumulated by ICP. The error is actually depending on several
parameters such as the range finder noise, the type of environment, and the
traveled distance between scans (overlap), as well as the downsampling rate.

Limitations
One should not forget that the environment should contain enough features
in the 3D scanner measurement range and field of view to constrain the scan
matching. The MagneBike platform is well suited for the specified environment. Nevertheless, if it had to work in environments with long straight
cylindrical sections, it should differently combine the sources of information.
It should actually rely only on 3D odometry in these parts and use 3D scanning for visualization but not for localization. A limit case is presented in
Figure 3.4; the robot stands in a rather homogeneous pipe, but can still observe enough features (e.g. diameter changes, tube intersections) to constrain
the scans registration as shown in the reconstruction (Figure 3.16). Due to
the characteristics of the selected range finder, the featureless cylindrical
parts should approximately not be longer than 2m.
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3.5.4

3D odometry characterization

Similar to 3D registration, there is no exact ground truth to evaluate 3D
odometry. Because we know from the preceding section that scan matching
is very precise (the translation error on the third data set when using 20% of
the points is actually smaller than 20 mm for a 4.2 m path length), the N-1
relative transformations between the N scans of that experiment are used as
a limited ground truth for the evaluation.
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Figure 3.19: 3D odometry error for the third experiment. (a) and (b) Translation
|tICP,ij −tODO,ij |/Sij and rotation |θICP,ij −θODO,ij |/Sij errors relative to the traveled
distance for different scan intervals (0.1 to 1 m). (c) Detail of the translation errors
for 0.1 m scan interval.

3D odometry is hence evaluated by comparing the relative transformations between scanning positions i and j given by ICP (TICP,ij ) and 3D
odometry (TODO,ij ). To reduce the quantity of information and ease comprehension of the results, the six-DoF transformations are reduced to a rotation
angle θ and the amplitude of motion (translation) t. The error metrics are
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defined as the rotation and translation errors relative to the path length Sij ,
i.e. |θICP,ij − θODO,ij |/Sij and |tICP,ij − tODO,ij |/Sij .
Figure 3.19 shows the translation (a) and rotational (b) errors as a statistic over the whole trajectory. The statistic is given for different scanning
intervals. Each box plot analyzes all the relative transformations between
the scans with indices i and i + 1, i and i + 2, ... The path length is then
approximately 0.1 m for the first box plot, 0.2 m for the second one, and so
on until 1 m. Box plots are used to represent the error distributions that
are not normal. Errors are actually defined positive, and their distribution
is asymmetric with most of the errors small and some outliers (high errors).
The median value is then an appropriate descriptor of the error distributions,
respectively representing the error with the highest probability. The graphs
show that the translation error is around 15% (0.15 m / m traveled) and rotation error around 25◦ per meter traveled. Figure 3.19(c) shows the detail on
the translation error for an average traveled distance of 0.1 m between scans.

3.5.5

3D odometry combined with scan matching

3D odometry and scan matching results are combined as explained in Section
3.4.5. Figure 3.20, for instance, shows the result of the second experiment,
i.e., the inner casing reconstruction (point cloud), the robot trajectory in the
robot and sensor frames (in blue and red), as well as the scan positions in the
sensor frame H (yellow dots). Figure 3.21(b) shows the same fused trajectory
(in black) and the one computed with pure 3D odometry that slowly drifts (in
gray). Similarly Figures 3.21 (a) and (c) show the trajectories of experiments
one and three.

z
x
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y

x

Figure 3.20: 3D point cloud reconstruction (2.5% of points) of the second experiment with the robot trajectory in the robot and sensor frames (blue and red); the
scan positions are marked by yellow dots.
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Figure 3.21: 3D trajectory with pure 3D odometry (gray) and combination with
the scan matching results (black) for the three experiments.

3.5.6

Discussion

3D odometry as an initial guess for scan registration
Given the good performance of 3D odometry, the 3D movement of the robot
can be used as a prior input for the 3D scan registration. This has several
advantages. It first improves the computation time because less iterations are
necessary for the registration. Furthermore, a good initial guess will decrease
the probability that ICP converges to the wrong local minimum; thus the
combination makes the localization procedure quite robust. Finally, knowing
that 3D scanning is the slowest process of the localization procedure (50 s
for a high-resolution 3D scan), a good initial guess allows us to optimize
the distance traveled between 3D scans and consequently decrease the total
inspection time.
To analyze the relevance of the initial guess, the scan registration perfor-

3.5. EXPERIMENTAL RESULTS

89

100

Percentage of ICP failure [%]

90

No motion
3D odometry

80
70

62.9

60
50

44.4

40

29.1

30

25.7

20
10
0
0

0 0

1.9 0

0.1

0.2

11.1

7.1
0
0.3

0
0.4

0.5

0.6

Average distance between scans [m]

0.7

Figure 3.22: 3D odometry as an initial guess for ICP. Percentage of scan pair
registrations that failed with ("3D odometry") and without ("No motion") initial
guess.

mances with and without the 3D odometry initial guess are compared. The
third experiment is used again because it allows us to utilize the best limited ground truth and contains the most complex combination of motions.
The ground truth is evaluated by matching the scans with 20% of downsampling. The performance is measured by observing the percentage of ICP
failures, respectively when the translation error of 3D scan matching with the
ground truth position differs from more than 0.02 m. The translation error
is actually very small (<0.02 m) if ICP finds the correct local minimum and
high if it diverges. Similar to the 3D odometry evaluation (Section 3.5.4),
this experiment is repeated for different distances between the 3D scan positions. The results are reported in Figure 3.22. They show that for small
displacements (0.1 m), 3D odometry is not absolutely necessary because the
algorithm matches 100% of the scans. From 0.2 m, there are already some
cases for which ICP is not able to match pairs of scans when no prior input
is provided to the algorithm. From distances larger than 0.5 m, both methods have outliers, which means that either the odometry guess is no longer
sufficient or the scan overlap is too low for ICP to converge.
Design guidelines for optimization
The MagneBike localization concept having been characterized in detail, one
can deduce a few guidelines to optimize the localization procedure regarding
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Figure 3.23: Comparison of the movement of the robot (R) and sensor (H) frames
depending on the surface curvature.

reliability and time:
• Distance between scans: as presented previously, getting a 3D scan
approximately every 0.4 m of travel is a good compromise to ensure a
sufficient overlap for ICP and to reliably use 3D odometry as an initial
guess. Furthermore, 3D odometry is precise enough to track the robot
trajectory between the scan positions.
• Environment curvature and shape: the preceding guideline should,
however, be based not only on the distance traveled by the wheels,
but also on the environment shape that influences the system behavior. More precisely, for a given trajectory the distances traveled by the
robot and sensor frames depend on the surface curvature as depicted
in Figure 3.23. A small robot displacement can lead to a large rotation
(e.g. surface with high curvature) and even a large sensor displacement
on convex surfaces (e.g. second phase of step climbing). A large rotation may strongly influence the sensor field of view and consequently
decrease the scan overlap, especially in small-diameter tubes. Thus,
the criterion to decide when a 3D scan has to be taken should be based
not only on the traveled distance but also on the robot rotation.
• Point cloud density: given that a downsampling rate of 2.5% is sufficient to reliably match 3D scans, it is possible to increase the sensor
rotational speed and consequently proportionally decrease the scanning
time. This should, however, be done in the limits of the sensor actuation mechanics. The current implementation allows us to provide a
maximum rotation velocity of 3 rpm (limited by the actuator). It is
then possible to decrease the density to 20%, respectively getting a full
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3D scan in 10 s. One should also consider the scan resolution that is
necessary for the environment reconstruction. This constraint mainly
depends on the usage of the final map: 2.5% is sufficient for visualization as shown in Figures 3.16, 3.18 and 3.20, nevertheless it may
be necessary to get higher resolution scans for obstacle detection (e.g.
very small holes in the structure) or for path planning purposes. A
compromise to balance the time spent for moving and localization is to
decrease the point cloud density to 25% of full resolution. This enables
us to get a scan in 12.5 s, which is approximately half the time that is
necessary to move from 0.4 m at 1 m/min.
3D localization accuracy
To conclude this discussion, the performance of the localization procedure is
compared to the objectives defined in Section 3.2.1:
• To achieve a position accuracy of ±5 cm required for safe remote operation, results presented in Sections 3.5.1 and 3.5.4 (i.e. translation
error of 15%) show that an error of 5 cm is accumulated after a traveled distance of 0.33 m. Ensuring this accuracy requires to take a 3D
scan every 0.33 m. This constraint is another input to the optimization
guidelines proposed in the preceding section.
• Regarding orientation accuracy, one can draw similar conclusions. Hence,
with a rotation error rate of 25◦ /m, presented in Section 3.5.4, an accuracy of ±10◦ is ensured if the robot travels distances up to 0.4 m
between 3D scans.
• The ±1 cm accuracy required for defects localization is, however, more
critical because 1 cm of error is already accumulated after 7 cm of travel.
To ensure 1 cm accuracy, it is then recommended to refine the robot
position by acquiring a 3D scan when a defect is detected by inspection
sensors.

3.6

Conclusion

The steam chest environment is not only challenging for the locomotion concept, but also for the localization. The goal is to get the position of the
robot on the 3D surface (six DoF), as well as to provide a 3D model of the
environment that is a priori unknown. These tools are necessary to control
the robot. They can either be used as 3D visualization for the user who
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remote controls the robot that is hidden in its confined environment or as
input information for autonomous control purposes (e.g. obstacle detection,
active mechanism control, or path planning).
This chapter presents a localization strategy based on 3D scan registration
and 3D odometry. A 3D scanner enables the acquisition of local 3D maps
of the environment. Consecutive scans are subsequently registered using
the ICP algorithm and utilized to build a global 3D map. The position
between the 3D scans is tracked by 3D odometry, which is also used as a prior
guess for the scan registration. The chapter also describes the design and
implementation of the 3D scanner, which must be compact and lightweight to
satisfy the available space and payload constraints. The chapter also presents
the 3D odometry approach, which is based only on wheel encoders and a
three-axis accelerometer. Because the robot moves slowly, the accelerometer
data can be used to estimate the surface inclination with respect to gravity.
To compensate for the limited sensory inputs, the odometry model includes
an estimation of the local surface curvature.
3D localization was implemented on the MagneBike, and field tests were
performed in order to evaluate and characterize the system in real application
conditions. The tests conclude that the 3D point clouds taken by the 3D
scanner contain enough features to reliably register scans. Moreover, 3D
odometry is precise enough to track the robot position between scans and
provides a reliable input for the scan registration. The limitations were also
identified. For instance, the odometry model suffers from a singularity: the
robot cannot track its position when it follows sideways paths with the gravity
vector staying exactly parallel to the accelerometer axis. In this chapter, we
do not provide only a characterization and a validation of the localization
process but also propose some guidelines to optimize it. It is actually possible
to optimally downsample the 3D scans to maintain the registration precision
high while drastically decreasing the computation time. The scan positions
can also be optimally distributed to decrease the amount of time dedicated
to scanning because the robot must stand still when scanning.

Chapter 4

System integration and
control
The MagneBike is a compact mechatronic system integrating several actuators, sensors to control the locomotion system, localization sensors as well as
electronic and software tools to control its five active DoF. While the preceding chapters mainly focus on the conceptual phase and the results obtained
with the prototype robot, this chapter presents the detailed implementation
of these subsystems and their integration in a fully operational prototype that
is a main contribution of this work. System integration, respectively smartly
defining the interdependencies between the subsystems as well as optimally
distribute the control functions, is actually necessary to meet the overall
mechanical constraints and ensure the system reliability and controllability.
This chapter is then addressed to people interested in the practical realization of the conceptual prototype. It first gives an overview of the robot,
before describing in detail the mechanical and electronics implementation,
the control and software architecture as well as their interconnections and
interactions. Because the MagneBike is intended for field operations, the last
part of this chapter discusses the industrialization phase and the resulting
system.

4.1

MagneBike overview

In this section, we provide a brief overview of the MagneBike system. The
robot depicted in Figure 4.1 actually embeds:
93
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• Two actuators per wheel unit [front (1) and rear (2)] to drive the magnetic wheels (3) and the lateral lifter arms (4).
• One actuator to control the steering unit (5).
• One actuator to rotate the Hokuyo 2D range finder (6).
• Four contact sensors, each mounted on a lifter arm (4).
• A deformation sensor on the part connecting the wheel units (not shown
on Figure 4.1).
• Incremental optical encoders on all actuators.
• Absolute angular sensors on the steering (7) and 3D scanner axis (9).
• A three-axis accelerometer on the sensor module mounted on the back
of the robot (10).
• Motor controllers also mounted on the back of the robot (10).
• Control electronic (11) for the 3D scanner (8).
• A micro computer (12) with antenna (13) for wireless communication.
As shown on Figure 4.1, the robot is tethered (14) for power supply and
Ethernet communication.

4.2

Mechanical design

To drive in the narrow locations of the steam chest environment and ensure
payload specifications, a compromise between size, weight, attraction forces,
necessary torque/speed to climb, to lift off magnetic wheels, to steer and to
rotate the LADAR sensor has been found. The design constraints and the
characteristics of the subsystems having already been presented in preceding
chapters, they are not reminded. We describe only the detailed implementation and integration of the conceptual prototype.

4.2.1

Adapted magnetic wheel unit

Concerning the wheel unit, the main challenge consists of implementing a
compact unit integrating the coaxial wheel and lifter arm shafts, and providing the necessary traction and lifting forces. Figure 4.2 shows the detailed
implementation of the wheel unit concept proposed in Section 2.6.7.
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Figure 4.1: MagneBike overview: front and rear wheel units (1-2) integrating
magnetic wheels (3) and lateral lifter arms (4) each equipped with a contact sensor.
(5) Steering unit with absolute angular sensor (7). (6) Hokuyo URG-04LX 2D
range finder mounted on the 3D scanning mechanism (8) equipped with an absolute
angular sensor (9). (10) Sensor board, baseboard and motor controllers mounted
on the back of the robot. (11) 3D scanner control electronic. (12) Microcomputer
with antenna (13) for wireless communication. (14) Power and Ethernet cables.

To simplify the assembly and to reduce manufacturing costs, the wheel
unit is built as symmetric as possible as depicted in Figure 4.2. The wheel
(a) and lifter arms (b) transmission trains use the same set of spur gears
and DC motors. Only reductions of the actuator gearboxes differ, providing
higher torque and lower speed on the lifter shaft.
The wheel unit consists of:
1. Actuators (including planetary gearhead and optical encoder) positioned on top of the wheel unit.
2. A first stage of spur gears.
3. Gear shafts mounted on ball bearings.
4. A second stage of spur gears.
5. Both outputs, respectively the magnetic wheel and lifter shaft on which
the non magnetic lifter wheels are mounted.
6. The magnetic wheel and the lifter shafts are also mounted on ball bearings, respectively on the lifter shaft and wheel unit structure.
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Figure 4.2: Wheel unit: CAD model. Cut view (left) and 3D view (right). (1)
Actuator integrating gearbox and an optical encoder. (2) First stage of spur gears.
(3) Ball bearings. (4) Second stage of spur gears. (5a) Magnetic wheel. (5b) Lifter
shaft and non magnetic wheels. (6) Ball bearings. (7) Screws and shaft keys for
torque transmission. (8) Screws and spring washers to preload bearings. (9) Wheel
unit structure.

7. The torque transmission is ensured through screws and shaft keys.
The bearings are preloaded with screws and spring washers (8). To save
weight, the structure (9) is built of aluminium. The compact wheel unit
design allows to ensure ground clearance and avoid collisions with the environment as discussed in Section 2.6.7.

4.2.2

Steering unit

To optimize the overall compactness of the robot, the steering unit (Figure
4.3) is built as flat as possible1 . The actuator (1) is mounted horizontally,
while the torque amplification is ensured with a worm gear transmission (34). The steering shaft (5) is equipped with an absolute angular encoder
that allows to measure the exact steering position independently from the
mechanical backlash (<1◦ ).

4.2.3

3D range finder

The 3D scanner mechanics, depicted in Figure 4.4, is implemented very flat
using a similar mechanical design as the steering unit, respectively with a hor1 This customized design replaces the preliminary version based on an existing servo
motor presented by Tâche et al. (2009). The new design is more compact and reliable.
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Figure 4.3: CAD model of the steering unit: top and 3D view. (1) Actuator
integrating a gearbox and an optical encoder. (2) Spur gears. (3) Worm. (4)
Worm wheel. (5) Steering shaft.

izontal actuator (1), which torque is amplified with a worm gear transmission
(3-4). Even if there is an encoder on the motor shaft, an absolute encoder (6)
is mounted on the main shaft (5) in order to precisely measure the 2D laser
scanner position. Any backlash in the system can then be compensated. For
reusability in other projects, the construction foresees continuous scanning,
thanks to the main shaft that is hollow (5) and allows to plug a slip ring
(not shown in Figure 4.4). To increase the compactness, the slip ring can be
removed because 180◦ rotation is sufficient to get a 3D scan.
The Hokuyo range finder (7) holding structure (9) is designed so that
the 2D scanning plane is coincident to the rotation axis. Thus, there is no
hole in the 3D scan as discussed in Section 3.3.3. The remaining blind zone,
anyway below the robot body, is due to the 240◦ field of view of the 2D range
finder. Mechanical components are designed to actuate the scanner with any
inclination regarding gravity as the rest of the robot can.

4.2.4

Overall dimensions

Figure 4.5 shows the overall mechanical dimensions of the MagneBike. The
robot is slightly bigger than the size requirements (200 mm) presented in
Section 2.2. The specifications are, however, met (see Table 2.1) because
they were primarily defined for a locomotion platform able to bring inspection
sensors within the environment. The current robot is slightly bigger due to
the 3D scanner, but embedding it the MagneBike is able to localize and build
3D maps of the environment.

98

4. SYSTEM INTEGRATION AND CONTROL

1

7

3

6
4
5
8
2

9

Figure 4.4: CAD model of the 3D scanner: side view and 3D views. (1) Actuator.
(2) Spur gears. (3) Worm. (4) Worm wheel. (5) Main hollow shaft. (6) Absolute
angular sensor. (7) Hokuyo URG-04LX range finder and holding structure (9). (8)
Hole to plug a slip ring (not shown).

4.3
4.3.1

Electronics
Overview

An overview of the electronic architecture is shown in Figure 4.6. The MagneBike is equipped with a microcomputer running Linux [Gumstix Verdex
(Gumstix Inc. 2010)] that has access to the actuator and sensor electronic
modules. The 3D scanner is interfaced through two RS232 serial ports, while
the motor controller module as well as the sensor module are attached to the
I2 C bus. The robot can connect to a remote computer through an Ethernet
interface (cable or wireless) using the netwifi-microSD module provided by
Gumstix or a RS232 serial port [RS(PC)] that is used only for debugging
purposes. The necessary energy is provided by an external power supply
(24V) through the power cable.

4.3.2

Modules

The motor controller module is a customized board that embeds five commercially available single motor controllers. It is used to control the five
locomotion DC actuators (wheels, lifters and steering). The other modules,
i.e. the sensor module, the LADAR module and the baseboard module, were
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Figure 4.5: Overall mechanical dimensions of the MagneBike [mm].

developed in the framework of this research and are described in more detail
hereafter.
Sensor module
The sensor module shown in Figure 4.7 embeds a microcontroller that continuously reads (>50 Hz) the values of the five strain gages, the three-axis
accelerometer and the absolute angular sensor mounted on the steering shaft.
The strain gages are integrated in Wheatstone bridges, which outputs are
amplified so that the output signals can be read by the AD converters of
the microcontroller. The gain and offset of the amplification circuits are set
with digital potentiometers, this enables to automatically adjust the measurement circuit through software. The analog signals of the integrated circuit
accelerometer and the angular sensor (potentiometer) are also connected to
the AD converters of the microcontroller. All sensors values can be read on
request by the Gumstix processor through the I2 C bus.
LADAR module
When a 3D scan is requested, the LADAR module controls the 3D scanner. The module sends speed and position commands to the LADAR motor
controller over the I2 C bus and reads the angular positions of the 2D scans.
These readings are very precise because they are triggered by the synchronous
output signal of the Hokuyo sensor (1 per rotation): the position of the first

Figure 4.6: Electronic overview.
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pixel being known, the exact position of each pixel can be extrapolated. The
angular positions and 2D scans are sent over the serial ports [RS(Lad) and
RS(Hok)] to the host microcomputer, that does the association between angular positions and 2D scans data. The data association is based on the
synchronization of the host and Hokuyo clocks, the time stamps provided in
Hokuyo scan messages and the reception time of angular positions by the
host. The processing and transmission time delays of the encoder positions
are actually negligible compared to the scanning time (100 ms), thus allowing
a robust association.
The 3D LADAR has been built as an independent module that can easily
be used on other robotic platforms embedding a host computer with two
RS232 serial ports and a 9V power supply. The module can also be interfaced
through a single USB port because it embeds a USB to dual UART converter.
3

2
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1

2
7

4

6

7

Figure 4.7: Electronic modules. Top: sensor modules with microprocessor (1),
connectors (2) to the strain gages and amplification circuits (3). Center: baseboard
with connectors (4-5) to the Gumstix processor and the LADAR module. Bottom:
motor module and connectors (6) to the five motors. Communication between the
modules is ensured through I2 C communication (7).

Baseboard module
The baseboard is an electrical interface between the Gumstix microcomputer,
the input power and other modules. It first embeds high efficiency switching
voltage regulators that deliver the necessary 9 V and 5 V voltage from the 24 V
power input. Furthermore, the module embeds bidirectional-level shifters
that adapt the different voltage levels on the I2 C bus, respectively 5 V for
the MagneBike modules and 3.3 V for the Gumstix microcomputer. Together
with the breakout module from Gumstix, the baseboard is also a mechanical
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interface between all modules.

4.3.3

Power management

As already mentioned, the robot is tethered with a cable that is used for
communication, power and security. A cable is in any case required because
wireless communication might cause problems in thick metallic structures
and power plant owners insist on having a security cable to pull the robot
back in case of failure. Power cables, however, have several drawbacks: they
are heavy loads if the robot has to climb long vertical structures or if it has
to pull the cable in pipe-type environments with many intersections. In the
worst case, the robot gets stuck due to the cable. Cables also cause control
problems, especially in pipe-type environments, where it should be ensured
that the robot does not drive on its own cable when driving back to the access
opening.
Table 4.1: MagneBike power consumption (measurements) for a typical use: 60%
of the time moving and 40% scanning. *(moving at 1 m/min).

Devices
Hokuyo sensor
WiFi module
Motor controller
Gumstix processor
Sensor module
Actuation
Motors controlled1
Steering
Moving vert.*
3D scanning
Moving hor.*
Lifting/stabilizing
Total

Voltage

Current

Use

Power

[V]
5
5
24
5
5

[mA]
570
330
70
120
60

[%]
100
100
100
100
100

[W]
2.85
1.66
1.56
0.62
0.25

24
24
24
9
24
24

320
500
200
120
100
100

100
10
30
40
30
10

7.68
1.2
1.44
0.42
0.72
2.4
18.7

η
(24 V)
[%]
66
66
100
66
66

Power
@ 24 V
[W]
4.32
2.52
1.56
0.93
0.28

100
100
100
75
100
100

7.68
1.20
1.44
0.75
0.72
0.24
21.6

1 Even if the motor is stopped or has reached the desired position/speed, some power is
still dissipated in the motor. A zero mean current actually ensures the electromechanical
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Embedding batteries would, however, allow to use the robot in other inspection applications where wireless communication is reliable and the robot
could easily be retrieved in case of failure. We then briefly analyze the MagneBike power consumption, identify the bottlenecks and discuss the possibility to embed batteries. Table 4.1 shows an overview of the power consumption
for a typical use of the robot. It is assumed that the robot spends 40% of
the time scanning the environment and the other 60% moving, of which 50%
on horizontal surfaces and 50% on vertical surfaces (i.e. 30% of the total
time). The steering as well as the lifting/stabilizing mechanisms are used
in one third of the movements (each 10% of the total time). This leads to
a total power consumption of 21.6 W at the robot power input with peak
currents up to 1 A. It has to be mentioned that this evaluation does not take
into account the power required by inspection sensors. Given the energy density (240 Wh/kg, 370 Wh/l) of the best lithium-polymer batteries available
in 2009 (Noth 2008), it means to embed 90 g, i.e. 58 cm3 of battery per hour
of operation and an electronic module to monitor the batteries. The use of
batteries is consequently more limited by size than weight constraints.
Battery pack

Figure 4.8: CAD model of the MagneBike embedding a pack of 8 Kokam 720
batteries (29.6 V nominal voltage and 21.3 Wh of energy): right and rear views.

Concerning a practical implementation, for one hour of operation one
could, for instance, use a pack of 8 Kokam 720 batteries. This combination
has the following characteristics: a nominal voltage of 29.6 V, a theoretical
energy of 21.3 Wh, a maximal continuous discharge current of 8 A, a mass
rigidity of the H-bridge-motor system. This control strategy implemented by the motor
controller manufacturer could be adapted to save energy because it represents the highest
power consumption of the system.
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of 128 g and a total volume of 63 cm3 (58.5 × 33.5 × 32 mm3 ). The corresponding energy densities are 167 Wh/kg and 340 Wh/l: the best densities
are only achieved by batteries of bigger size (the proportion of packaging is
smaller). Figure 4.8 shows a possible implementation on the MagneBike: it
seems possible to embed twice this volume, respectively for approximately
two hours of operation.

4.4
4.4.1

Control and software architecture
Control architecture

There are different ways of controlling mobile robots, from totally remote controlled by a human to completely autonomous. Because humans are anyway
involved in the inspection procedure and full autonomy is a very challenging objective in the complex steam chest environment, the most appropriate
control architecture is somewhere in between.
System
Human

Remote
computer(s)

Robot

Feedback

Motor
controller 1

Robot controller

User
command

State
machine

Sensor A

3D odo

Sensor B
Sensor C

• Speed
controller
• Lifter
controller
• Steering
controller
• Scanner
controller

Motor
controller 2
Motor
controller 3
Motor
controller 4
Motor
controller 5
3D scanner
controller

Environment

Figure 4.9: Control architecture overview: user remote controlling the robot
(sending high-level commands) based on the visual feedback and the 3D data.
The robot autonomously executes local actions. Low-level control is distributed in
dedicated modules.

The control solution implemented for the MagneBike consists of a multistage control architecture with low-level control loops on the robot, control
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loops over the remote computer as well as high-level decisions taken by the
human operator. As illustrated in Figure 4.9, the onboard modules presented
in Section 4.3 are dedicated to low-level tasks such as the motor control or
the 3D scanner control, while the onboard computer controls local processes
involving embedded sensors and direct interaction with the environment (e.g.
stabilizer arm control) or predefined movements. Processes requiring a lot of
computation power such as the ICP algorithm or the 3D visualization tools
are, however, running on the remote computer(s). Finally, high-level control
decisions are taken by the human operator closing the highest level control
loop using the visual feedback, the 3D scans as well as the localization in the
map.

4.4.2

Software architecture

Figure 4.10 shows the software architecture that is comprised of six modules, respectively mbFirmware, mbControlGUI, mbSensorGUI, mbVisualizationGUI, mbScanMatching and central. The modules can run separately on
different computers and exchange data (see messages in Figure 4.10) using
the Inter-Process Communication (IPC) library (IPC 2010) from Carnegie
Mellon University (CMU). As suggested in Figure 4.10, in the current configuration all modules are running on a single remote computer, except mbFirmware that is running on the Gumstix microcomputer embedded on the
robot.

mbFirmware

mbControlGUI

mbSensorGUI

mbVisualization
GUI

• ICPStart

• RobotState
• SensorData
• RobotPose
• 3DScan
• ICPResult

• ICPResult

• RobotState
• SensorData
• Error

• ICPStart

• RobotState
• SensorData
• Error

• Cmd

• Cmd

• RobotState
• SensorData
• RobotPose
• 3DScan
• Error

• Cmd

central

mbScanMatching

Figure 4.10: Software architecture overview. The six modules exchange messages
using the IPC library from CMU.

central is the so-called central server that knows which modules subscribed
to which messages and routes them in the network. mbFirmware is the MagneBike main controller that has direct access to the low-level modules (e.g.
motor controllers, sensor boards) and runs middle-level control functions such
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as the robot deformation controller (Section 2.7.1), the lifter arm controller
(Section 2.7.2) and computes 3D odometry (Section 3.4.3). A state machine
defines the state of each controller, for instance, the mode of the lifter arm
controller that can be lifting, stabilizing or off. When a command (Cmd) is received from any user application, the state machine is adapted accordingly or
the main program launches the corresponding process like 3D scanning for instance. mbFirmware regularly publishes messages describing the robot state
(RobotState), the sensor values (SensorData), the robot position (RobotPose)
as well as 3D scans (3DScan) when requested. The MagneBike firmware also
logs data on a memory card.
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Figure 4.11: Graphical user interface overview: screenshots of mbControlGUI,
mbSensorGUI and mbVisualizationGUI interfaces. (1) Sliders and buttons to control each actuator separately. (2) Check boxes and buttons to launch automatic
control functions or execute predefined movements. (3) Numerical values describing
the robot state. (4) Text boxes for warning and error messages. (5) Check boxes
to select which sensor values are displayed in the 2D graphic (6). (7) Buttons and
text boxes to request sensor calibration values and start sensor calibration. (8) 3D
visualization of the robot and 3D point clouds.

mbControlGUI along with mbSensorGUI and mbVisualizationGUI (Figure 4.11) are the Graphical User Interface (GUI) modules used to remote
control the MagneBike. mbControlGUI is used to send control commands to
the robot. This module allows to control each actuator independently using sliders and buttons, but also to launch automatic functions (e.g. robot
deformation control) or actions (e.g. turn-on-spot movement) that are then
automatically executed by mbFirmware. mbVisualizationGUI displays a 3D
representation of the MagneBike state (e.g. lifter position, steering angle,
robot orientation) as well as 3D point clouds and the 3D robot trajectory.
Because the result of scan matching is used by the visualization module,
mbVisualizationGUI sends scan matching requests when new 3D scans are

4.4. CONTROL AND SOFTWARE ARCHITECTURE

107

received. Once the result computed by the mbScanMatching module is available, the 3D visualization module adapts the display and updates the 3D
odometry trajectory. Finally, mbSensorGUI is an extension to display sensor
data, calibrate sensors, actually a tool to debug low-level processes. Both the
control and sensor GUI modules display warning or error messages when the
user requires an action that is in conflict with the current robot state: e.g.
the user cannot send steering commands during an automatic turn-on-spot
maneuver, the GUI warns the user who wants to use the automatic stabilizers
if contact sensors on the stabilizer arms have not been calibrated yet.
The visualization GUI together with the scan matching module can be
used to replay experiments, using the robot log files that contain all actuators,
sensors and robot state data. This is a useful feature for debugging, but also
to analyze an inspection campaign. All programs are written in C and C++
and run under Linux.

4.4.3

Typical operation and timing

To get a better insight into the information flow and timing issues, a typical
control sequence is presented and illustrated in Figure 4.12. At time t0 the
user starts sending motion commands, the speed and steering controllers are
activated and the robot computes 3D odometry. The stabilizer controller
is launched by the user at time t1 . When the robot has traveled a certain
distance, the user stops the robot and requests a 3D scan (t2 ): all controllers
are stopped so that the robot stays stable during the 3D scanning operation.
At time t3 the 3D scan is sent to the 3D visualization GUI that automatically
requests to register the last scans (t4 ). The user who received an acknowledgement that the 3D scanning operation is finished (t3 ) then decides to
start the next displacement at time t5 . At time t6 he stops the robot that
is blocked by a step obstacle and activates the lifter arms. Once the wheel
is lifted (t8 ), the robot can move again until the user decides to take a new
scan (t9 ). Once the ICP computation result is available (here at time t7 ),
the 3D visualization GUI (i.e. the odometry path and the 3D environment
model) are updated.
The guidelines discussed in Section 3.5.6, respectively increasing the distance between 3D scans (approximately 0.4 m) and decreasing the 3D scans
resolution, allow to reduce the experimentation time. For instance, the first
trajectory presented in Section 3.5.2 can be segmented in 15 paths and 16
scans. Assuming that the robot drives with a speed of 1 m/min (24 s/path)
and that the scan resolution is reduced by a factor 4 (12.5 s/scan), 6 min are
dedicated to motion and 3.3 min to scanning. With an additional 5 min dedi-
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Figure 4.12: Control sequence and information flow of a typical experiment.

cated to obstacles passing maneuvers, the first experiment would last around
15 min. This shows the relevance of the optimization guidelines, without
them 48 min are actually necessary for 3D scanning only.

4.5

Industrialization phase

After the successful implementation and performance evaluation of the conceptual prototype, the final integration step consists of developing an industrial version of the MagneBike. This work was done in collaboration
with engineering companies that brought their expert knowledge about industrial design and standards. We were actively participating in this phase
by proposing improvements based on the lessons learned during the testing
phase, discussing optimizations and further integration steps. Here follows
the list of the enhancements that were implemented on the new design.
• Concerning the locomotion system, it has been identified in Section
2.8.1 that the robot cannot pass over obstacles on sideways paths. This
is due to the fork axis that is free to rotate and induces a mechanical
singularity in some particular positions. The front wheel unit was then
equipped with an active mechanism that enables to temporary block
this DoF and overcome this limitation.
• The strain gages (i.e. force sensors for the lateral stabilizers) are integrated in the lifter arms that are designed to be slightly deformable.
This construction is mechanically simpler and more stable than the
version with additional spring elements presented in Section 2.7.2.
• The wires connecting the strain gages to the sensor module are integrated in the mechanical structure.
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• The sensor board electronic was improved to increase the signal to noise
ratio and improve the measurement resolution of the force sensors.
• The functionalities of the Gumstix breakout module (mechanical), the
Gumstix netwifi-microSD (communication) and the baseboard (power
management) were fused in a single new baseboard module.
• The size and shape of the new electronic modules (sensor and baseboard) were adapted to better fit on the robot.
• The robot was also equipped with a robust steel housing and waterproof
connectors to protect the electronic from dust, water and falls.
• The rear wheel unit was equipped with a hook, in order to attach a
security cable that is required by power plant owners.
• Finally, the robot weight was optimized by removing unnecessary material. Holes were, for instance, drilled in the heavy steel spur gears of
the wheel units. The total weight is similar (3.3 kg) to the one of the
conceptual prototype because these optimizations compensate for the
additional weight of the new housing and electrical connectors.
The resulting robot is shown in Figure 4.13.

Figure 4.13: Industrial version of the MagneBike.
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Conclusion

To fulfill size, payload and ground clearance constraints, a strong integration
effort was necessary. This does not mean only to optimally design the mechanics, but also to carefully think the position of the embedded electronic
and the nontrivial cabling problem. This has led to the implementation of
a very dense construction. The main drawback is that it requires a lot of
time to assemble the robot or exchange parts, many components are actually
interconnected.
The electronic architecture is, however, very modular and allows to easily
add new actuators and sensors to the system. For instance, the control electronic of an arm manipulating inspection sensors can be connected to the I2 C
bus. Furthermore, one or several cameras can be attached to the USB bus as
foreseen in Figure 4.6. The software architecture is very modular as well, one
can also easily implement a new GUI module dedicated to inspection sensors, sharing information with the whole system through the central server.
Thus the architecture fits with the needs of a robot keen to be expanded with
application specific modules, but that is already functional for the envisaged
application.

Chapter 5

Conclusion and outlook
5.1

Main achievements

Mobile robots have a high potential for power plant inspection tasks. Increasing safety for human inspectors, accessing unreachable narrow locations or
reducing the outage time are some of the main advantages of mobile robots
over conventional inspection procedures. The environments to inspect are,
however, very challenging for mobile robots concerning various aspects, in
particular locomotion, localization and system integration. The locomotion
systems must be capable of driving on 3D surfaces with any orientation regarding gravity, climbing ability is then necessary. Moreover, the complex
shape of the structures often implies to be able to pass over different types
of obstacles. Concerning localization, it is challenging to track the robot
position in a full 3D world, above all when a 3D model is a priori not available. Finally, inspection robotics requires system integration efforts in order
to build small-sized robots able to access narrow locations.
In this thesis, we addressed these three aspects by describing a magnetic
wheeled robot, named MagneBike, that is designed to inspect steam chests
of steam turbines in power plants. The main goal of this work was to develop
a locomotion concept able to carry a payload of 0.5kg, i.e. inspection sensors
or repair tools, as well as a 3D localization and mapping system to track
the robot in the complex-shaped 3D environment. The main contributions
of this work are the following:
• An innovative locomotion concept with only two magnetic wheels in
a motorbike arrangement called MagneBike. Each wheel is equipped
with lateral rotating lever arms that have complementary functions,
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respectively lifting up the magnetic wheel(s) when blocked in a concave
corner or laterally stabilizing the robot when gravity is unfavorable,
e.g. on sideway drives. The active system is mechanically simple and
ensures good adhesion. It features only five active DoF, but has a
high mobility. The robot can drive on ferromagnetic surfaces with
any orientation and pass over complex combinations of edge and sharp
corner obstacles.
• A full 3D localization concept combining 3D odometry to track the
robot position on the steam chest surface with 3D laser scanning and
matching to build 3D maps of the environment. Because the robot is
driving slowly and 3D odometry accounts for the specific environment,
i.e. surface curvature estimation, the model is kept simple. Hence,
it requires only wheel encoders and a three-axis accelerometer. 3D
odometry is reliable to track the robot between 3D scans and can be
used as initial guess for the 3D scan registration.
• The implementation of a small-sized conceptual prototype. The MagneBike is a complex weight and size compromise: it is compact to access
narrow locations, while actuator torques and adhesion forces are sufficiently high to ensure payload, reliability and robustness. Furthermore,
the robot is also equipped with numerous sensors (e.g. strain gages, a
three-axis accelerometer, encoders), a 3D scanner, a single board computer and electronic modules for low-level control.
• Performance evaluation through field experiments. The conceptual prototype was tested in a real application environment. Both the performance of the locomotion and localization concepts were analyzed and
characterized in detail. The limitations of the subsystems were also
identified.
The robot presented in this thesis is then able to carry payloads higher
than 0.5kg in an environment never accessed before by mobile robots. Furthermore, the platform embeds sensors for 3D localization and mapping,
respectively the necessary data to provide a visual feedback to the user remote controlling the mobile robot. The robot that satisfies the requirements
is under industrialization phase. This thesis also presents the improvements
that were proposed and implemented on the industrialized version of the
MagneBike.
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Outlook

The MagneBike was especially designed for steam chest inspection, however,
the robot and the localization techniques developed in this work are not
limited to this application. The robot can actually be used on many other
ferromagnetic environments satisfying the following restrictions/constraints.
Regarding locomotion, the use of the stabilization and lifting mechanism is
only possible on non convex surfaces and slightly non convex surfaces. The
angle of surface transitions, e.g. corner or edge obstacles, should be equal or
bigger than 90◦ to ensure ground clearance. This constraint is most of the
time satisfied in industrial environments, thus it is not very limiting. Concerning localization, if a precise position feedback is necessary for teleoperation (e.g. robot out of sight of the human operator), the robot surroundings
should contain enough features at a reasonable distance to constrain scan
matching and be in the sensor measurement range (5.6 m).
Even if the robot presented in this thesis satisfies the locomotion and
localization requirements, it could be interesting to enhance the robot autonomy in order to facilitate the control by humans. The ultimate goal could
be to reach full autonomous inspection. Given the new type and complexity
of the environments accessed by this inspection robot, full autonomous navigation is, however, not a trivial task. This problem addresses challenging
research topics that are listed below:
• The localization model presented in this work could be improved by
integrating error models for both 3D odometry and 3D scan matching
in order to optimally fuse both sources of information. The current
solution actually relies a lot on 3D scan matching that may fail in
certain situations, in particular if the environment is too uniform (e.g.
matching two cylinders). Establishing the error models is, however, not
trivial because the models have to account for six DoF and the influence
of the numerous parameters of each subsystems.
• Because the exit opening will in most cases be the entrance opening, the
robot will drive back to locations it already explored. The localization
algorithm could automatically detect these loops and add redundancy
in the scan matching transformation network. This will allow to use a
global optimization algorithm that spreads errors over the whole network to enhance the performance of the mapping process.
• For an easier interpretation of the 3D environment and facilitate the remote control of the robot, the 3D visualization tools could be enhanced
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with augmented reality features. Edges that are good descriptors of
step obstacles that require special control attention or holes that have
to be avoided could, for instance, be highlighted in the GUI.
• Another way to facilitate the robot teleoperation is to implement new
control functions such as automatic step obstacle passing. The system
could first extract edges from 2D or 3D scans to detect upcoming obstacles and estimate their distance. The robot could then drive toward
the obstacle evaluating the traveled distance using 3D odometry and
check that it is actually in contact with two surfaces before activating
the lifter mechanism. This could be achieved by using the lifter arms as
contact sensors, the motor controller to detect if a wheel is blocked, the
accelerometer to detect collisions with obstacles or any combination of
these information.
• Getting rid of the power and communication cable is another way to
simplify the control and increase safety. Driving on the cable may
actually cause the robot’s fall. This may necessitate to place a communication relay/antenna at the entrance hole for reliable wireless communication. Furthermore, the robot could embed batteries and plan
missions according to the available power as pre-studied in Chapter 4.
• The ultimate challenge is autonomous navigation on 3D surfaces. 3D
path planning is actually not trivial in the steam chest environment.
The system must first transform 3D point clouds into surface models,
either geometric analytical models or 3D meshes, that could be used
for planning purposes. The environment traversability could then be
analyzed by respectively detecting obstacles that cannot be overcome.
The path planning algorithm must also consider that the MagneBike
is nonholonomic and that there is a way to approach and overcome
obstacles. Finally, the planner could also evaluate the cost of possible
trajectories regarding safety and the required maneuvers.
Once these improvements will be achieved for a single robot, a future
goal could be to extend the inspection system to a team of several robots
that can independently achieve tasks by cooperation as described by Breitenmoser et al. (2010). Multi agent systems allow for faster execution of
tasks, increased robustness and flexibility due to parallelism, redundancy,
and decentralization.
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