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Résumé en Francais

Introduction

L’utilisation d’un fauteuil roulant permet aux personnes en situation de handicap de
compenser une perte de mobilité. Cependant, alors qu’enrivon 70 millions de personnes
dans le monde auraient besoin d’un fauteuil roulant, seulement 5 a 15 % ont accés a
ce type d’aides techniques [O"15]. Pour certaines personnes, il est impossible de con-
duire un fauteuil roulant électrique sans étre accompagnées ou supervisées par un tiers.
En effet, certaines personnes lourdement handicapées ne peuvent pas manceuvrer un
fauteuil roulant électrique en toute sécurité. Les personnes particuliérement concernées
sont celles atteintes de troubles visuels, visuo-spatiaux et/ou cognitifs. En effet, ces
troubles peuvent altérer la capacité a utiliser un fauteuil roulant de maniére autonome
et sécurisée [CVM16]. Il en résulte pour bon nombre de personnes en situation de
handicap un manque d’autonomie corrélé a des difficultés dans la vie quotidienne. Ces
difficultés peuvent avoir des répercussions sur les personnes elles-mémes mais également
sur les soignants, les accompagnants et les membres de leur famille. En effet, les person-
nes en situation de handicap lourd vivent généralement & domicile accompagnées par
des aidants familiaux ou dans des établissements spécialisés avec du personnel aidant.
La vie au domicile peut également avoir un impact négatif sur la vie sociale des aidants
familiaux eux-mémes. En effet, un rapport britannique publié en 2009 sur le handicap
intellectuel et physique, la mobilité sociale et I'inclusion sociale & la santé [EMR 09|
souligne que les aidants familiaux sont plus susceptibles d’étre sujets & une réduction
des possibilités d’emploi. D’autre part, ce rapport souligne que l'isolement social vécu
par les personnes en situation de handicap se retrouve exacerbé par ce qui est désigné
comme une "ségrégation" dans des structures telles que les écoles spécialisées ou les
établissements de soins. Enfin, on observe généralement que les personnes en situation
de handicap sont désavantagées dans leur vie sociale, notamment en ce qui concerne
les expériences de la petite enfance, ’éducation, I’emploi et le marché du travail, la vie
sociale et culturelle, la santé et le bien-étre [EMR109].

Dans ce contexte ou les limitations de mobilité peuvent réduire l'accés aux dif-
férentes activités sociales et professionnelles et conduire a une forme d’exclusion sociale
[CSUO05], des améliorations significatives doivent étre apportées pour la mobilité des
personnes en situation de handicap. La question des facteurs qui impactent la mobil-
ité a d’abord été étudiée en termes de barriéres architecturales dans ’environnement
physique [SD97|. De multiples facteurs tels que '’environnement physique, social ou
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politique peut avoir un impact positif ou négatif sur la capacité des individus a vivre
de maniére autonome et a participer pleinement a tous les aspects de la vie quotidienne
[WBMO99]. La mobilité en fauteuil roulant peut évidemment étre améliorée par la réduc-
tion des obstacles environnementaux physiques en construisant des structures adaptées
ou en modifiant ’architectures des structures existantes. Cependant, les modifications
de I’environnement physique nécessitent des politiques appropriées et des investisse-
ments financiers conséquents de la part des localités mais aussi de la part des acteurs
privés du batiment. Enfin, la difficulté d’aborder ces problématiques dans une telle
perspective macroéconomique repose sur la pluralité des handicaps et sur les limites et
les désavantages qu’ils impliquent. En effet, un méme environnement peut contenir des
éléments qui constituent des obstacles & la mobilité d’une personne tout en facilitant la
mobilité d’une autre.

C’est dans ce contexte que les freins relatifs a la mobilité peuvent également étre
adressés d’un point de vue individuel. En effet, des aides technologiques peuvent étre
concues pour améliorer la mobilité dans tous types d’environnements. Par exemple,
Iutilisation d’un fauteuil roulant dit "intelligent" prenant en compte les contraintes de
I’environnement pourrait aider 'utilisateur & conduire un fauteuil au quotidien.

C’est dans cette perspectives que de nombreux travaux de recherche ont été menés
sur le développement de solutions innovantes d’aide & la mobilité. Plusieurs labora-
toires de recherche ont développé des solutions dites de "fauteuils roulants intelligents".
Certains projets ont inclus les utilisateurs dans la fabrication de leur prototype en collab-
orant avec des centres de rééducation. Ces 20 derniéres années, la recherche scientifique
s’est concentrée sur de nombreux projets selon deux axes majeurs : ’assistance a la nav-
igation (autonome ou semi-autonome) et la création d’interfaces de retour d’information
(feedback). Cependant, il n’existe a ce jour aucune solution d’assistance a la navigation
en fauteuil roulant électrique & destination du grand public sur le marché, ou méme
dans les centres de rééducation pour aider & l'apprentissage ou a la rééducation des
patients.

L’objectif de ce travail de thése est alors de développer des solutions tenant compte
des besoins et attentes des utilisateurs finaux. Il s’agit principalement de développer
un systéme bas cotit qui assiste 'utilisateur dans la conduite du fauteuil. Les solutions
techniques proposées devront également étre peu encombrantes et facilement adaptables
sur n’importe quel fauteuil roulant électrique standard afin de faciliter la diffusion sur le
marché pour un accés au plus grand nombre. Ce travail de thése s’inscrit dans le cadre
d’une collaboration unique entre 'INSA Rennes et le centre de Médecine Physique
et de Réadaptation Pole Saint Hélier alliant connaissances robotiques, expertise des
thérapeutes et conseils d’utilisateurs. Les solutions proposées dans ce travail sont donc
développées selon une approche centrée sur l'utilisateur final. En effet, le processus
d’élaboration des solutions proposées implique dés le départ des personnes en situation
de handicap en hospitalisation de courte ou de longue durée, des neuropsychologues, des
ergothérapeutes, et des neurologues spécialisés en médecine physique et en réadaptation.
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Mobilité motorisée : perspectives cliniques et sociales

Selon les derniers chiffres de 1’Organisation Mondiale de la Santé (OMS), 110 a 190
millions d’adultes éprouvent des difficultés de mobilité [KOAT18]. En France, on estime
& environ 850 000 le nombre de personnes & mobilité réduite. La motivation de ce travail
est alors de concevoir des solutions intelligentes et adaptées d’aide a la mobilité visant
a améliorer la qualité de vie de ces personnes ainsi qu’a fournir un outil de rééducation.
Dans les pages qui suivent, nous présenterons un apergu des défis liés a la mobilité et au
handicap dans une perspective clinique mais aussi sociale. Pour ce faire, les compétences
nécessaires a la conduite d’un fauteuil roulant seront décrites en détail, de méme que les
déficiences pouvant empécher une personne de conduire un fauteuil roulant électrique
en toute sécurité. De plus, nous soulignerons les fortes motivations pour ce travail,
principalement 'impact positif que peuvent avoir les aides techniques & la mobilité sur
la vie quotidienne des utilisateurs.

Handicap et mobilité

En général, la mobilité est affectée par des handicaps orthopédiques ou neurologiques.
Les troubles orthopédiques impliquent une déformation du systéme squelettique résul-
tant soit d’'une anomalie congénitale (e.g. pied bot, spina bifida), soit d’'une maladie
(e.g. dystrophie musculaire, arthrite), soit d’un accident (e.g. lésions médullaires). Les
handicaps neurologiques touchent le systéme nerveux qui affecte la capacité de bouger,
d’utiliser ou de contrdler certaines parties du corps. De telles incapacités peuvent étre
le résultat d’une maladie (e.g. sclérose en plaques, maladie de Lyme) ou d'une lésion
cérébrale (paralysie cérébrale, lésions cérébrales, accident vasculaire cérébral). Une telle
altération de la mobilité peut survenir aprés un accident vasculaire cérébral, une frac-
ture ou une amputation d’'un membre, ou un traumatisme (e.g. lésion cérébrale, lésion
de la moelle épiniére). Les personnes en situation de handicap peuvent éprouver des
problémes de mobilité physique sous la forme d’une réduction de la force musculaire ou
de la mobilité des membres. Une perte ou une diminution de la mobilité peut également
étre associée a un état progressif comme le vieillissement ou une maladie dégénérative
(e.g. sclérose en plaques ou maladie de Parkinson). Afin de surmonter ces limitations
de mobilité, des aides & la mobilité telles que les fauteuils roulants électriques peuvent
étre envisagées.

Aides a la mobilité motorisées

Plusieurs appareils peuvent étre utilisés pour aider & la mobilité selon le handicap, les
problémes de mobilité et les besoins spécifiques de chaque individu. Les aides a la
mobilité les plus courantes comprennent les aides & la marche comme les cannes et les
béquilles et les aides au transport comme les fauteuils roulants et les monte-escaliers.
Des appareils de mobilité motorisés peuvent, par exemple, étre prescrits dans le cas d’une
utilisation & long terme pour les personnes ayant une déficience lourde ou progressive,
ou pour compenser les problémes de fatigue éprouvés lors de la propulsion d’un fauteuil
roulant manuel.
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Contrairement aux scooters, les fauteuils roulants électriques permettent d’adapter
la configuration des siéges et de la mettre & niveau au fur et & mesure que la condition
physique de 'utilisateur évolue. En effet, I'utilisation d’un fauteuil roulant électrique est
particuliérement cruciale pour les personnes souffrant de handicaps lourds ou progressifs
car elle permet de se déplacer tout en se reposant confortablement pendant la journée
avec le moins de transferts multiples (par exemple, au lit, sur une chaise). En effet, cer-
taines personnes peuvent utiliser leur fauteuil roulant électrique quotidiennement avec
un temps d’occupation moyen de 12 heures par jour [SS11]. En outre, il a été signalé
que le passage des fauteuils roulants manuels aux fauteuils roulants électriques pourrait
améliorer les performances professionnelles, avec un sentiment accru de compétence,
d’adaptabilité et d’estime de soi [BASO1]. De plus, l'utilisation d’un fauteuil roulant
électrique a été associée & de nombreux avantages psychologiques et physiques. En ef-
fet, les appareils de mobilité motorisés comme les fauteuils roulants offrent un meilleur
accés aux activités de la vie quotidienne comme le shopping, les rendez-vous chez le
médecin, les visites chez des parents ou les activités sociales [EFNDS07|. En outre,
plusieurs revues systématiques portant sur les résultats de plusieurs études ont souligné
le fait que la mobilité motorisée peut améliorer 'activité et la participation des utilisa-
teurs et accroitre la mobilité (8 études incluses) [SBST09|. Elle a également un impact
positif sur I'indépendance, la qualité de vie, la mobilité et 'engagement des adultes
(11 études incluses) [FRMM13|, mais aussi sur le développement global et la mobilité
indépendante des enfants et adolescents (29 études incluses) [LF14]. Conformément a
ces conclusions, I’Organisation mondiale de la santé (OMS) recommande de concevoir
des technologies d’assistance pour favoriser ’égalité des chances pour les personnes en
situation de handicap [OO105].

Cependant, certains handicaps peuvent aussi avoir un impact sur les fonctions visuo-
spatiales et/ou cognitives. La présence de déficiences visuelles ou cognitives peut com-
promettre la capacité d’une personne & conduire un fauteuil roulant électrique en toute
sécurité. Dans la prochaine section, nous donnerons un apercu de ces fonctions ainsi
que de la fagon dont elles peuvent compromettre la sécurité de la conduite en fauteuil
roulant.

Fonctions visuelles et cognitives impliquées dans la conduite en fauteuil
roulant

Les personnes en situation de handicap peuvent présenter des déficiences visuelles qui
réduisent leur capacité a percevoir leur environnement, ce qui réduit leur capacité a
conduire un fauteuil roulant électrique en toute sécurité. Par exemple, les déficiences
visuelles consistant en une perte de vision (perte de vision périphérique, cécité, hémi-
anopsie, diminution de l’acuité visuelle) entrainent plus de difficultés lors de la manceu-
vre d’un fauteuil roulant électrique. D’autres déficiences visuelles telles que la diplopie
(vision double) ou une altération de la perception stéréoscopique peuvent induire une
perte partielle ou totale de la perception des formes et des distances, compromettant
ainsi la sécurité en fauteuil roulant.

Bien que I'implication des fonctions physiques et visuelles semble évidente lors de la
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Figure 1 — Autoriser la conduite de fauteuil roulant [AWLWO05|.

tache de conduite, les fonctions cognitives sont également impliquées. (Figure 1).

Les fonctions cognitives sont la capacité d’interagir avec le monde qui nous entoure.

Elles comprennent la perception, ’attention, la communication/langage, la mémoire, les
fonctions exécutives, la gestualité/praxies. Les déficiences cognitives sont généralement
le résultat de lésions neurologiques. Les principales capacités cognitives mobilisées par
la tache de conduite reposent sur la mémoire, ’attention, les fonctions exécutives et les
fonctions cognitives de perception [AWLWO5].
Perception La perception est une capacité individuelle & reconnaitre, voir et don-
ner un sens a quelque chose. C’est la capacité de reconnaissances et d’identifications
sensorielles (visuelle, auditive, tactile, gustative, olfactive) ainsi que la perception de
soi dans l'environnement (i.e. ol je suis, ou sont les parties du corps). En particulier,
les fonctions visuo-spatiales constituent la capacité de comprendre les représentations
visuelles ainsi que leurs relations spatiales (i.e. la perception de l'espace, des distances
et des directions). En d’autres termes, les fonctions visuo-spatiales concernent la per-
ception visuelle, c’est-a-dire 'organisation mentale et I'interprétation de l'information
sensorielle visuelle.

Attention L’attention est fortement sollicitée lors de la tache de conduite. Cette
fonction cognitive permet de trier toutes les informations sensorielles qui atteignent
notre cerveau afin de nous concentrer uniquement sur les informations percues les plus
pertinentes. Certains troubles neurodéveloppementaux (comme le trouble déficitaire de
l'attention avec hyperactivité - TDAH), ou des troubles neurodégénératifs (comme la
maladie de Parkinson ou la maladie d’Alzheimer), ou des lésions neurologiques aigués (p.
ex. & la suite d'un AVC) peuvent entrainer des déficits graves et invalidants dans cette
fonction. Plusieurs niveaux d’attention requis pour la conduite d’un fauteuil roulant
électrique peuvent étre distingués :
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e Intensité

- Alerte. Il s’agit de la capacité du cerveau a atteindre et & maintenir un
état de grande sensibilité aux stimuli entrants, c’est-a-dire la capacité d’'un
individu & réagir & un événement, par exemple, un temps de réaction suff-
isamment court pour arréter un véhicule lorsque quelqu’un traverse devant le
véhicule de fagon imprévue. Lorsqu’un tel événement se produit, il désengage
I'individu de l'activité en cours en captant son attention. Si I’événement n’a
pas d’importance ou de priorité, la personne peut utiliser des mécanismes
d’inhibition pour négliger cet événement et se réengager dans la tache de
conduite.

- L’attention soutenue concerne au moins la vigilance et est typiquement
impliquée dans le maintien d’un itinéraire sans étre entiérement concentré
sur la tache de conduite elle-méme.

o Sélectivité

- L’attention ciblée est la capacité du cerveau & concentrer son attention sur
un stimulus cible pendant n’importe quelle période de temps tout en inhibant
les stimuli secondaires pour rester concentré.

- L’attention divisée correspond au niveau d’attention le plus élevé. C’est la
capacité du cerveau a gérer plusieurs stimuli en méme temps tout en inhibant
d’autres stimuli. Un tel niveau d’attention est nécessaire pour conduire un
fauteuil roulant électrique en toute sécurité.

Mémoire La mémoire est composée de 5 catégories : mémoire épisodique, mémoire
de travail, mémoire sémantique, représentations perceptuelles et mémoire procédurale
[EVD16|. Un fonctionnement sir des fauteuils roulants électriques nécessite en partic-
ulier une bonne mémoire & court terme et une mémoire de travail adéquate (stockage
temporaire des informations a traiter) pour que les informations pertinentes puissent
étre prises en compte pendant le processus de prise de décision [AWLWO05].

Fonctions exécutives Les fonctions exécutives sont sollicitées dans tous les aspects
de la vie quotidienne. Ils représentent la capacité d’un individu & utiliser les fonctions
de mémoire et d’attention, mais aussi les processus de contréle inhibiteurs, la stratégie,
la planification, la prise de décision, le raisonnement, la gestion des priorités ou la
résolution de problémes dans la vie quotidienne [Dial3]. Tous ces processus cognitifs
sont nécessaires pour planifier et coordonner les réponses sensorimotrices et cognitives
requises pour conduire un véhicule [AWLWO5].

Déficiences visuelles et/ou cognitives empéchant la conduite sécurisée d’un
fauteuil roulant électrique

Alors qu’un fauteuil roulant électrique est un outil essentiel pour la mobilité au quo-
tidien et peut avoir un impact positif sur autonomie de l'utilisateur ainsi que sur
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son inclusion sociale [DSFO03|[EFNDS07], conduire un tel véhicule peut étre difficile car
I’environnement est souvent inadapté aux fauteuils roulants électriques. De plus, une
telle tache nécessite de bonnes capacités visuelles, cognitives et visuo-spatiales.

L’utilisation d’un fauteuil roulant électrique peut étre compromise par des facteurs
techniques (liés au fauteuil lui-méme) [Eva00|, environnementaux (obstacles physiques),
sociaux ou personnels (troubles cognitifs et/ou sensoriels) [Har04]. En effet, bien que
la conduite sécurisée d’un fauteuil roulant électrique nécessite des fonctions physiques,
visuelles et cognitives, les personnes en situation de handicap peuvent présenter des
troubles de ces fonctions, ce qui les empéche de conduire en toute sécurité tout type
de véhicule motorisé, y compris un fauteuil roulant électrique. Dans ce contexte, les
cliniciens peuvent décider de ne pas prescrire d’aide & la mobilité motorisée lorsque la
conduite est trop dangereuse (i.e. au-dessus d’un niveau de risque subjectif)|[MCB13|.

Il est facilement concevable qu’une déficience visuelle puisse entraver la conduite
d’un véhicule du fait d’une perception réduite ou incompléte de I'information visuelle.
En effet, les déficiences visuelles peuvent affecter la quantité et la qualité de I'information
visuelle recue. Or, Ialtération des fonctions visuo-spatiales et cognitives peut compro-
mettre la conduite. Ces fonctions définissent respectivement la capacité de comprendre
les représentations visuelles ainsi que leurs relations spatiales (c’est-a-dire la perception
de l'espace, des distances et des directions) et la faculté de traiter cette information et
de développer la compréhension et d’initier des réponses [CATTT09].

En particulier, les personnes souffrant de troubles de la perception ou de 'attention,
ou du syndrome dysexécutif (c’est-a-dire des déficiences des fonctions exécutives) ne
peuvent généralement pas se faire prescrire un fauteuil roulant électrique. Par exemple,
la négligence unilatérale, un syndrome de négligence visuo-spatiale faisant généralement
suite & une lésion cérébrale unilatérale, rend impossible le traitement d’un stimulus
dans la moitié de I’espace environnant, empéchant ainsi de conduire un fauteuil roulant
électrique de maniére sécurisée.

De plus, les utilisateurs possédant déja un fauteuil roulant électrique rencontrent
eux aussi des difficultés de sécurité lors de la conduite. Par exemple, une étude évalu-
ant la perception des obstacles environnementaux au moyen du questionnaire CHIEF
[WHFM™04| rempli par 100 utilisateurs de fauteuils roulants a rapporté que 52%
des utilisateurs de fauteuils roulants sont confrontés quotidiennement & des problémes
d’accessibilité, dont 77% ont déclaré considérer ces questions comme un probléme ma-
jeur [DGR13]. Une autre étude menée en 2014 au Québec auprés de 12 utilisateurs
de fauteuils roulants électriques et de 4 soignants a révélé que les problémes les plus
fréquemment cités sont les espaces étroits (c.-a-d. le passage des portes, les manceuvres
de demi-tour, les manceuvres de levage), la navigation dans des endroits bondés et les
changements de niveau du sol [KRAT14]. Les résultats de cette étude ont souligné
que les technologies des fauteuils roulants intelligents peuvent aider les utilisateurs a
surmonter les difficultés liées & la conduite tout en soulignant la nécessité d’inclure les
utilisateurs dans le processus de développement des technologies des fauteuils roulants
intelligents.
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Motivations pour ce travail

Pour résumer ce qui a été fait auparavant, la mobilité motorisée est une question im-
portante & aborder. En effet, s’il n’est pas totalement maitrisé en raison de handicaps
lourds, un appareil de mobilité motorisé peut causer des dommages matériels et/ou
représenter un danger de blessure pour autrui ou pour soi-méme [MMB™05]. Par con-
séquent, il est courant d’empécher les personnes ayant une déficience visuelle, visuo-
spatiale ou cognitive de conduire un fauteuil roulant électrique. Dans ce contexte,
certaines études ont examiné les avantages potentiels de la technologie des fauteuils
roulants intelligents avec des utilisateurs, des soignants ou des thérapeutes. Le résultat
général de ces études est que les technologies de fauteuils roulants électriques intelli-
gents seraient un outil pertinent pour l'aide a mobilité motorisée ainsi qu’un outil de
formation et de rééducation.

En outre, une étude menée en 2008 a évalué que 61% a 91% de personnes pourraient
bénéficier telles technologies d’ici 2010 [SLCO08]. Cette estimation incluait non seulement
les personnes ayant des incapacités importantes, mais aussi une plus grande partie de la
population qui pouvaient bénéficier ponctuellement de 1'utilisation de fauteuils roulants
électriques intelligents. Si I'on considére le vieillissement de la population, on estime
que le nombre de personnes ayant des déficiences liées a I’age augmentera d’ici 2030,
augmentant ainsi le nombre de personnes qui pourraient avoir besoin d’aide a la mobilité.

Ce travail a ensuite été fortement motivé par les défis cliniques et sociaux que
représente la mobilité motorisée. Les utilisateurs, les soignants et les thérapeutes atten-
dent avec impatience les technologies de fauteuils roulants électriques intelligents pour
faciliter la mobilité des personnes dans de nombreux aspects de leur vie quotidienne.
Leurs attentes m’ont fortement motivé a participer a ce projet. En effet, je crois que
des solutions technologiques pertinentes peuvent étre apportées a ces personnes. Je
crois également que la combinaison des connaissances de la robotique avec ’expertise
des thérapeutes et les conseils des utilisateurs est la formule gagnante pour finalement
aboutir & une solution de mobilité électrique abordable qui peut profiter au plus grand
nombre de personnes. La motivation de ce travail a été, et est toujours, que je crois que
de telles solutions amélioreraient la qualité de vie des personnes en situation de hand-
icap en fournissant non seulement la mobilité & ceux qui ont déja un fauteuil roulant,
mais aussi en ouvrant de nouvelles possibilités en rééducation neurologique.

Apercu de la thése

Dans ce chapitre, les motivations cliniques et sociales de ce travail de thése ont été
présentées. L’objectif général de ce travail de thése est ensuite la conception en collab-
oration avec des utilisateurs et des thérapeutes de solutions robotiques pour la mobilité
assistée motorisée. Ce chapitre a mis en évidence le besoin de telles solutions. Pour étre
utilisée par le maximum de personnes qui auraient besoin d’une aide a la navigation dans
leur vie quotidienne ou & des fins de rééducation, la conception de solutions de mobilité
assistée appliquées & la navigation motorisée en fauteuil roulant électrique représente
un défi robotique important. En effet, les solutions d’assistance visent a utiliser des
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méthodes de détection innovantes, a fournir des méthodes de contrble partagé tenant
compte de l'intention de l'utilisateur et a étre conformes a l'intégration de matériel in-
dustriel nécessitant du matériel petit, robuste, peu cofliteux et a faible consommation
d’énergie.

Le reste de ce manuscrit présente les solutions congues dans le cadre de cette thése
en collaboration avec les utilisateurs finaux et les cliniciens pour relever ce défi. Il est
organisé comme suit.

Chapitre 2 : Ce chapitre s’ouvre sur une vue d’ensemble des solutions mécaniques
qui peuvent améliorer la navigation des appareils d’aide & la mobilité motorisés dans
des environnements constitués de barriéres physiques. Ensuite, un apercu des solutions
d’aide a la navigation pour fauteuils roulants est présenté. Nous proposons ensuite de ré-
sumer les exigences technologiques issues des projets passés. Enfin, les outils génériques
de robotique et les principes d’asservissement par capteurs qui ont été appliqués aux
solutions proposées tout au long de ce travail de thése sont présentés.

Chapitre 3 : Ce chapitre présente la conception d’un simulateur de mobilité assistée.
Alors que la réalité virtuelle propose de nombreux avantages, nous appliquons cette
technologie & la simulation de conduite de fauteuil. Plus particuliérement, les domaines
visés par le simulateur proposé sont I’évaluation écologique des capacités de conduite,
I'utilisation par les cliniciens pour la rééducation et ’apprentissage, le design rapide
et collaboratif de nouvelles solutions d’assistance. Bien que certains simulateurs de
conduite soient utilisés dans certains laboratoires de recherche, méme dans des contextes
d’évaluation clinique, aucun simulateur n’intégre des méthodes de navigation assistée
ni la possibilité de développer facilement de nouvelles solutions robotiques. L’objectif
de ce travail est alors de proposer un tel simulateur standardisé et facile & utiliser,
d’une part pour la recherche et le développement et d’autre part pour I’évaluation des
compétences de conduite, ’apprentissage et la rééducation. Ensuite, deux études menées
en collaboration avec la centre de rééducation Pole Saint Hélier avec des personnes
valides et permettant d’évaluer la validité du simulateur proposé sont présentées.

Chapitre 4 : Ce chapitre présente une solution d’aide a la navigation semi-autonome
dans un environnement intérieur. Une méthode de commande partagée basé capteurs
permettant une correction en douceur de la trajectoire du fauteuil roulant a 'approche
d’un obstacle est présentée. Ensuite, des simulations démontrent les propriétés de la
solution de contréle partagée proposée et valident le cadre mathématique. Enfin, une
étude ayant pour objectif le test d’un fauteuil roulant électrique standard équipé de la
solution d’assistance sur circuit. L’évaluation de la satisfaction et les performances de
conduite avec et sans assistance permet de valider la méthode mathématique employée.
Cette étude a été menée au Pole Saint Hélier en collaboration avec des cliniciens et
incluant 23 usagers.
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Chapitre 5 : Ce chapitre présente les travaux réalisés sur ’assistance a la navigation
en présence d’obstacles "négatifs" tels que les bordures de trottoir, les marches, les
rampes. Deux méthodes d’asservissement basé capteurs sont proposées. Contrairement
a la méthode présentée au chapitre 4, la détection des obstacles "négatifs" repose sur la
mesure de distances par des capteurs fixés sur le chassis du fauteuil orientés vers le sol.
La premiére méthode proposée est une application directe de la méthode introduite au
chapitre 4 pour la navigation en environnement intérieur. En effet, celle-ci consiste a
utiliser la définition de seuils sur la distance au sol mesurée par chaque capteur et de
considérer un dénivellement trop important comme un obstacle & éviter. La deuxiéme
méthode détaillée dans ce chapitre propose un asservissement basé capteurs utilisant
I’estimation de l'orientation locale du sol en plus de 'information de distance mesurée
au sol par chaque capteur. Les deux méthodes sont développées sur le simulateur de
conduite de fauteuil et présenté au chapitre 3. Enfin, des simulations de conduite assistée
par cette méthode dans un environnement virtuel sont présentées et discutées.

Chapitre 6 : Ce chapitre propose une méthode haptique d’aide a la navigation en
fauteuil roulant. L’idée est d’aider les personnes en situation de handicap a percevoir
une information de navigation qu’elles ne peuvent percevoir en raison de déficiences
visuelles et/ou cognitives. L’expérience de conduite augmentée proposée est congue
pour apporter une couche supplémentaire aux méthodes d’aide a la navigation qui ont
été proposées dans les chapitres 4 et 5 précédents. L’objectif est de calculer un retour
haptique indiquant la correction de trajectoire qu’appliquerait le systéme d’assistance
a la navigation présenté au chapitre 4 s’il était activé. La méthode proposée vise a
accroitre la perception de l'utilisateur de telle maniére a ce qu’il ait un contrdle total
tout en recevant une rétroaction haptique agissant comme un indice pour contréler le
fauteuil roulant en toute sécurité.

Conclusion : Enfin, nous présentons la conclusion de cette thése et les perspectives
pour les projets futurs basés sur ce travail de thése.



Chapter 1

Introduction: Clinical and social
motivations

1.1 Introduction

While using a wheelchair allows people with disability to compensate a loss of mobility,
only 5 to 15 % of the 70 million people worldwide who require a wheelchair have access
to this type of technical aid [O715]. One of the reasons for this is that some people
are either not allowed to drive a power wheelchair, or if they do, they cannot maneuver
it safely by themselves. In such cases, they need to be accompanied and supervised.
In particular, the ability to independently operate a mobility device safely can be al-
tered by visual, visuo-spatial and/or cognitive impairments [CVM16|. The induced
lack of independence and daily-life difficulties impact not only people with disability
themselves but also caregivers as well as family members. Indeed, people with severe
disabilities either live at home and must be accompanied by family carers or in special-
ized facilities with caregivers. On the one hand, living at home has also an impact on
caregivers themselves as they can experience reduced social mobility. For example, a
British report released in 2009 on Intellectual and Physical Disability, Social Mobility,
Social Inclusion & Health [EMRT09] emphasized that family carers are more likely to
experience reduced employment opportunities. In the other hand, it is also highlighted
that the social disconnectedness experienced by people with disability is exacerbated
by the use of "segregated" structures such as specialized schools or care facilities. Fi-
nally, it is generally observed that people with disability experience disadvantages in
their social life including early childhood experiences, education, employment and labor
market experiences, social and cultural life, health and well-being [EMR09].

In this context where mobility limitations can effectively lead to a form of social
exclusion because of reduced access to activities of social and professional life [CSU05],
significant improvements have to be made for the mobility of people with disability. The
question of environmental factors impacting mobility has first been investigated in terms
of architectural barriers in the physical environment [SD97|. However, multiple factors
such as physical, social, and political environments can also impact either positively

17



18 Clinical and social motivations

or negatively the ability of an individual to live independently and to fully participate
in all aspects of daily life [WBM99|. In the case of powered mobility, an obvious way
of lessening mobility issues is to reduce the physical environmental barriers: designing
or modifying structures to alleviate barriers to powered mobility. However, addressing
the modifications of the physical environment requires appropriate policies and major
financial investments from local authorities but also from private building stakeholders.
The difficulty of addressing the physical environment from such a macro-perspective
stems from the breadth of disabilities and the limitations and disadvantages they imply.
Indeed, the same environment can contain elements which are barriers to an individual
mobility while being a facilitator to an other individual.

In this context, mobility issues can also be addressed from an individual-perspective
by deploying adapted assistive technologies in all types of environment. Mobility aids
can be provided in the form of smart devices taking into account environmental con-
straints to assist the user mobility in daily life.

In that respect, many researchers work on the design of innovative solutions aiming
to provide mobility assistance. When addressing powered mobility, several research lab-
oratories develop "smart power wheelchairs" devices. Over the past 20 years, research
has focused on various smart wheelchair projects that follow two major research axes:
navigation assistance (autonomous or semi-autonomous) and alerts through adapted
feedback interfaces. Despite such projects sometimes involving users in the develop-
ment process by collaborating with rehabilitation structures, no smart power wheelchair
system has been released on the market, nor used by therapists within rehabilitation
centers or specialized structures.

Therefore, the aim here is to develop solutions which meet the needs and expecta-
tions of end users. This consists mainly of developing a cost-efficient and energy-efficient
solution that can be easily plugged to any standard power wheelchair in order to facil-
itate market launch and affordability. This thesis work takes part in the quite unique
collaboration between INSA Rennes and the rehabilitation center Péle Saint Hélier
combining robotic knowledge, therapists’ expertise and users’ advice. The solutions
presented in this work are therefore developed using an end-user centered approach.
Indeed, the proposed solutions development process involves from the beginning people
with disability in short or long term care, neuropsychologists, occupational therapists,
and neurologists.

1.2 Powered mobility clinical and social perspectives

According to recent figures from the World Health Organization (WHO), 110 to 190
million adults have significant difficulties in functioning and experience mobility diffi-
culties [KOAT18|. In France, it has been estimated that 850 000 people face reduced
mobility. The motivation for this work is then to design smart and adapted mobility
assistance solutions aiming to improve the Quality of Life (QoL) of these people and
to provide rehabilitation tools. In the following, an overview of mobility and disability
challenges within clinical but also social perspectives will be presented. To do so, the



Powered mobility clinical and social perspectives 19

required skills involved in wheelchair driving will be detailed as well as impairments
which may prevent safe operation of powered mobility devices. Finally, we will high-
light the scientific findings on the positive outcomes from powered mobility access which
have strongly motivated this thesis work.

1.2.1 Defining disability

Disability has been used to define different notions accross the years. 40 years ago, the
World Health Organization International Classification of Impairments, Disabilities, and
Handicaps (ICIDH) first defined 3 terms namely disability, handicap, impairment to rep-
resent 3 notions which differ in terms of their level of impact on the individual daily life
[OF80]. This way, the term impairment described any disorder at a body/organ level,
disability described any disorder at an individual performance level, and the term hand-
1cap described the difficulties encountered by an individual while interacting with the
environment i.e. the consequences of an impairment or disability. Nowadays, the term
handicap still commonly used in French language, rather describes a social phenomenon
involving specific social roles, the environment, barriers and expectations of individuals
[O793]. However, as emphasized in the ICIDH-2 revised version of the ICIDH report
[WHOAG99], the pejorative connotations of the term handicap in English language led
this term to be dropped to avoid stigmatizing and labeling. In the line of these guide-
lines, some essential definitions that will be used in this manuscript can be taken from
the International Classification of Functioning, disability and health report (ICF report)
[OF01]:

e Impairment. Impairment is defined as a loss or abnormality of a body part or
body function (e.g. paralysis, blindness).

e Participation. Participation describes the involvement of an individual in a life
situation and represents the societal perspective of the concepts covered by the
term "functioning". Participation restriction defines the issues an individual
may experience while getting involved in daily life situations (e.g. facing dis-
crimination in transportation or in employment). The presence of a participation
restriction is determined by making the comparison between participations for an
individual with disability and what is expected for an individual without disability
in a determined culture or society.

e Activity. Activity is the execution of a task or action by an individual. It
represents the individual perspective of functioning. Activity limitation is the
difficulty an individual may experience in executing an activity (e.g. walking,
eating).

e Barriers. The notion of barrier covers environmental factors whose absence or
presence limits functioning and can create disability. This includes physical en-
vironmental aspects but also the lack of relevant assistive technologies, negative
attitudes of people towards disability, etc.
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Finally, disability covers the difficulties encountered by an individual while inter-
acting with the environment thus considering personal as well as environmental and
social factors. Besides, disability is defined as a "umbrella term" for impairments, ac-
tivity limitations, and participation restrictions [SO11].

1.2.2 Disability and mobility

Generally, mobility is affected by orthopaedic or neurological disabilities. Orthopaedic
disabilities involve a deformity of the skeletal system either resulting from a congenital
anomaly (e.g. clubfoot, spina bifida), a disease (e.g. muscular dystrophy, arthritis),
or an accident (e.g. spinal cord injury). Neurological disabilities involve the nervous
system affecting the ability to move, use or control some body parts. Such disabilities
can either be the result of a disease (e.g. multiple sclerosis, Lyme disease), or a brain
damage (e.g. cerebral palsy, brain injury, stroke). People with disability may experience
impaired physical mobility in the form of a reduced muscle strength or limb mobility.
A loss or decrease of mobility can also be associated with a progressive condition such
as aging or degenerative disease (e.g. multiple sclerosis or Parkinson disease). In order
to overcome the mobility limitations resulting from such disabilities, mobility aids such
as power wheelchairs can be considered.

1.2.2.1 Power wheelchair mobility aids

Multiple devices can be used to assist mobility depending on the disability, mobility
issues and individual’s specific needs. The most common mobility aids include walking
aids such as canes and crutches to transportation aids such as wheelchairs and stair lifts.
Powered mobility devices can be prescribed for long-term use for people with severe or
progressive disability or to address fatigue issues experienced while propelling a manual
wheelchair.

In contrast to scooters, power wheelchairs allow seating configuration adaptation as
well as upgrade as the user condition progresses. Indeed, the use of a power wheelchair
is particularly crucial for people with severe or progressive disabilities as it allows to
move while resting comfortably during the day with fewer transfers (e.g. to bed, to a
chair). Indeed, some people can use their power wheelchair on a daily basis with an
occupancy time of an average 12 hours a day [SS11].

Moreover, it has been reported that the transition from manual to power wheelchairs
could enhance occupational performances, with increasing feeling of competence, adapt-
ability, and self-esteem [BASO01]. Moeover, power wheelchair use has been associated
with many psychological ans physical benefits. Indeed, devices such as wheelchairs pro-
vide a better access to daily-life activities such that shopping, medical appointments,
visiting relatives or attending social events [EFNDSO07]|. In addition, several systematic
reviews covering multiple studies outcomes highlighted that power mobility can improve
users’ activity and participation and increases mobility (8 included studies) [SBST09].
It also impacts positively independence, quality of life, mobility and engagement in
adults (11 included studies) [FRMM13|, but also overall development as well as inde-
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Figure 1.1 — Enabling power wheelchair driving [AWLWO05].

pendent mobility in children and adolescents (29 included studies) |[LF14]. In line with
these findings, the World Health Organization (WHO) recommends designing assistive
technologies to create equal opportunities for people with disabilities [OO105].

However, disability can also impact visuo-spatial and/or cognitive functions. The
presence of visual or cognitive impairments may compromise the ability of an individual
to drive a power wheelchair safely. In the next section, we will provide an overview of
these functions as well as how then may compromise safe wheelchair driving.

1.2.2.2 Visual and cognitive functions involved in wheelchair driving

Human vision is achieved by the functions of the eye, the muscles that move the eye,
the optic pathway, as well as the visual cortex. Visual functions represent the sensory
functions of the eye with respect to a physical stimuli.

People with disability may experience visual impairments reducing their ability to
perceive their environment. For example, visual impairments consisting of a vision loss
(e.g. loss of peripheral vision, blindness, hemianopia, reduced visual acuity) induce
more difficulties while maneuvering a power wheelchair. Other visual impairments such
as diplopia (double vision) or limited stereoscopic perception can induce a loss in per-
ception of shapes and distances thus compromising the safe operation of a wheelchair.

While it appears obvious that physical and visual functions are solicited for driving
tasks, cognitive functions also play a role in the ability to operate a vehicle safely 1.1).
Cognitive functions are the ability to interact with the world around us. They include
perception, attention, communication/language, memory, executive functions, gestual-
ity /praxies. Cognitive impairments are generally the result of neurological lesions. The
main required cognitive abilities for driving safely rely on memory, attention, executive
functions and perception cognitive functions [AWLWO5].
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Perception The perception function concerns an individual ability to recognize, see
and put meaning on something i.e. the ability of sensory recognition and identification
(visual, auditory, tactile, gustatory, olfactory) as well as body self-perception in the
environment (e.g. where I am, where are the parts of my body). In particular, visuo-
spatial functions constitute the ability to understand visual representations as well as
their spatial relationships (e.g. perceiving space, distances, and directions). In other
words, visuo-spatial functions concern visual perception i.e. the mental organization
and interpretation of the visual sensory information.

Attention Attention is highly solicited while driving a wheelchair. This cognitive
function allows us to sort all the sensory information that reaches our brain in order to
focus only on the most relevant information at the moment. Some neurodevelopmental
disorders (such as Attention Deficit and Hyperactivity Disorder - ADHD), or neurode-
generative disorders (such as Parkinson’s or Alzheimer’s disease), or acute neurological
injuries (e.g. following strokes) can induce severe and disabling deficits in this function.
Several levels of attention required for power wheelchair driving can be distinguished:

o Intensity

- Alert. This concerns the brain’s ability to achieve and maintain a state
of high sensitivity to incoming stimuli i.e. the ability of an individual to
react to an event, for example, a short enough reaction time to stop when
someone unexpectedly crosses in front of the vehicle. When such an event
occurs, it disengages the individual from the current activity by capturing
his attention. If the event is of no importance or priority, the individual may
use inhibition mechanisms to neglect this event and re-engage in the driving
task.

- Sustained attention concerns at least vigilance and is typically involved
while maintaining a safe route without being fully focused on the driving
task itself.

e Selectivity

- Focused attention is the brain’s ability to concentrate its attention on a
target stimulus for any period of time while inhibiting secondary stimuli to
stay focused.

- Divided attention corresponds to the highest attention level. It is the
brain’s ability to manage several stimuli at the same time while inhibiting
other stimuli. Such a level of attention is necessary to drive a vehicle safely.

Memory Memory is composed of 5 categories: episodic memory, working memory,
semantic memory, perceptual representations and procedural memory [EVDI16]. Safe
power wheelchair operation particularly requires good short time memory and adequate
working memory (temporarily store information to be processed) so that relevant infor-
mation may be held in mind during the decision making process [AWLWO05].
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Executive functions FExecutive functions are solicited in every daily life. They rep-
resent an individual’s ability to use memory and attention functions but also concern
inhibitory control processes, strategy, planning, decision making, reasoning, priority
management or problem-solving aspects of daily life [Dial3|. All these cognitive pro-
cesses are necessary to plan and coordinate sensorimotor and cognitive responses re-
quired ro drive a vehicle [AWLWO5].

1.2.2.3 Visual/and or cognitive impairments preventing safe power wheelchair
driving

Power wheelchair use can have a positive impact on user autonomy and social inclusion
[DSFO3|[EFNDS07]. However, driving such a vehicle is a challenging task which requires
good visual, cognitive and visuo-spatial abilities.

Power wheelchair use can be jeopardized by technical factors (related to the wheelchair
itself) [Eva00], environmental factors (e.g. physical barriers), social factors, or personal
factors (e.g. cognitive and/or sensory impairments)[Har04]. Indeed, while safe driving
requires physical, visual, and cognitive functions, people with disability may experience
loss or impairment of some of these functions thus preventing them from operating safely
any type of motorized vehicle. In this context, clinicians can decide to not prescribe a
powered mobility aid for safety concerns (e.g. driving behavior is above a subjective
risk level). [MCB13|.

It is easily conceivable that visual impairments can lead to driving safety issues as
they result in reduced/incomplete perception of visual information. However, visuo-
spatial and cognitive impairments can hinder driving safety. These functions respec-
tively define the ability to understand visual representations as well as their spatial
relationships (e.g. perceiving space, distances, and directions) and the faculty for pro-
cessing this information and to build understanding and initiate responses [CATT*09].
In particular, people having perception or attention disorders, or dysexecutive syndrome
(i.e. executive functions impairments) are generally prevented from being prescribed a
power wheelchair. For example, unilateral neglect, a syndrome of visuo-spatial neglect
following unilateral brain injury makes it impossible to process a stimuli in half of the
surrounding space thus significantly increasing the risk of injury and accident.

In addition, people who already drive a power wheelchair also experience safety
and mobility issues while driving. For example, a study assessing environmental bar-
riers perception by means of the CHIEF questionnaire [WHFM™04] completed by 100
wheelchair users has reported that 52% of wheelchair users are facing accessibility issues
on a daily basis with 77% of them considering these issue as a major problem [DGR13].
Moreover, a semi-structured interview study including 12 power wheelchair users and 4
caregivers led in 2014 in Quebec has pointed out that the most commonly cited issues
are narrow spaces (i.e. passing doorways, turn around maneuvers, lift maneuvers), nav-
igating crowded places, and uneven/changing driving surfaces [KRA*14]. The findings
of this study pointed out that smart wheelchair technologies may help users to over-
come driving issues while emphasizing the necessity to include users in the development
process of such smart assistive technologies.
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1.2.3 Motivations for this work

To sum up what has been shown previously, powered mobility is an important issue
to be adressed. Indeed, if not operated safely because of severe disabilities, a powered
mobility device can cause damage to property and/or represent a danger of injury for
others or oneself [MMB™05|. Therefore, people with visual, visuo-spatial or cognitive
impairments can be prevented from driving such a powered mobility aid device. More-
over, people with disability who already have a power wheelchair experience mobility
issues because of the environment, social context, etc. In this context, some studies
investigated the potential benefits of such assistive technology with users, caregivers or
therapists. The general outcome of these studies is that smart power wheelchair tech-
nologies would be a relevant safe powered mobility benefiting regular users as well as
training and rehabilitation within rehabilitation centers.

In addition, a study led in 2008 assessed that 61% to 91% of people with mobility
restrictions could benefit from smart power wheelchair technologies by 2010 [SLCO0S|.
This estimation included not only individuals with severe disabilities but also a larger
portion of the population who could punctually benefit from such assistive technology.
In addition, considering the aging population, the number of individuals with age-related
impairments is estimated to grow by 2030, thus increasing the number of people who
would potentially need a smart power wheelchair.

This work has then been strongly motivated by the clinical and social challenges that
powered mobility represents. Smart power wheelchair technologies are eagerly expected
by users, caregivers and therapists to assist people mobility within many aspects of
their daily life. Their expectations constituted a strong motivation for me to take part
in this research project. Indeed, I also believe that relevant technological solutions can
be provided to these people. I believe that the combination of robotic knowledge with
therapists’ expertise and user advice is the winning formula to finally come up with an
affordable powered mobility solution that can benefit the greatest number of people.
The motivation for this work has been, and still is, that I believe such solutions would
improve people’s quality of life by providing not only independant mobility for those
who already have a wheelchair, but also expand neurological rehabilitation possibilities.

1.3 Thesis outline

In this chapter, the clinical and social motivations for this thesis were presented. The
general objective is then the design of robotic solutions for assisted powered mobility in
collaboration with users and therapists. The design of such innovative assisted powered
mobility solutions represents an important robotic challenge. Indeed, as it aims to be
used by the maximum of people who would need assistance in their daily-life or for re-
habilitation purposes, it should meet challenging objectives. The solutions proposed in
this work thus use innovative detection methods, provide shared-control methods tak-
ing into account user intention, and are compliant with industrial hardware integration
requiring small, robust, low-cost, low-power hardware.
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The remainder of this manuscript presents the different assistive solutions designed
to meet these clinical, social and Robotics challenges in collaboration with end-users
and clinicians. It is organized as follows.

Chapter 2: This chapter first presents an overview of the mechanical solutions which
can improve the navigation of powered mobility devices within environments consisting
of physical barriers. Then, an overview of wheelchair navigation assistance solutions
is introduced. We then propose to summarize the technological requirements resulting
from past projects. Finally, generic robotic tools and sensor-based control principles
which have been applied to the proposed smart wheelchair solutions throughout this
thesis work are presented.

Chapter 3: This chapter presents the design of an assisted powered mobility simula-
tor. While virtual reality offers many advantages, we apply this technology to wheelchair
driving simulation. In particular, the areas covered by the proposed simulator are eco-
logical assessment of driving skills, use by clinicians for rehabilitation and learning, and
rapid and collaborative design of new assistance solutions. Although some driving sim-
ulators are used in some research laboratories, even for clinical assessment purposes,
no simulator incorporates assisted navigation methods nor the ability to easily develop
new robotic solutions. The objective of this work is then to propose a standardized and
easy-to-use simulator. On the one hand for research and development purposes, and
on the other hand for driving skills assessment and learning as well as rehabilitation.
Then, two studies conducted in collaboration with the Pole Saint Hélier rehabilitation
center with able-bodied people to evaluate the validity of the proposed simulator are
presented.

Chapter 4: This chapter presents a solution for semi-autonomous navigation assis-
tance in an indoor environment. A sensor-based shared control method applying smooth
trajectory correction as the wheelchair approaches an obstacle is presented. Then, sim-
ulations demonstrate the properties of the proposed shared control solution and validate
the mathematical framework. Finally, this chapter presents the validation of the pro-
posed solution embedded on a standard power wheelchair is presented through a study
conducted in collaboration with the clinicians of Péle Saint Hélier. In this study, sat-
isfaction and driving performance with and without activation of the assistance were
assessed with 23 regular users.

Chapter 5: This chapter presents the work which has been achieved on shared con-
trol assisted navigation with respect to "negative" obstacles such as curbsides, steps,
ramps. Two sensor-based servoing methods are proposed. Unlike the method presented
in chapter 4, the detection of "negative" obstacles is based on the measurement of dis-
tance sensors facing the ground. The first proposed method is a direct application of
the method introduced in chapter 4 for navigation in indoor environments. Indeed, it
consists of using the definition of thresholds on the distance measured by each sensor
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and to consider a significant difference of elevation as an obstacle to avoid. The second
method detailed in this chapter proposes a sensor-based control using the estimation of
the local orientation of the ground in addition to the distance to the floor measured by
each sensor. Both methods were designed and tested on the wheelchair driving simu-
lator presented in chapter 3. Finally, simulations of the proposed navigation assistance
method are presented and discussed.

Chapter 6: This chapter proposes a haptic method for wheelchair navigation assis-
tance. The idea is to assist people with disabilities in perceiving navigation information
they cannot take from the environment because of visual and/or cognitive impairments.
The proposed augmented driving experience is designed as an additional layer to the
navigation assistance methods which have been proposed in previous chapters 4 and
5. The objective is to compute a haptic feedback indicating the trajectory correction
which the navigation assistance system presented in chapter 4 would apply if it were
activated. The proposed method aims to increase the user’s perception so that he or
she has full control while receiving haptic feedback that acts as a guide to safely control
the wheelchair.

Conclusion: Finally we provide the conclusion of this dissertation and present per-
spectives for future projects based on this thesis work.



Chapter 2

Assisting power wheelchair
navigation

This chapter presents works within the scope of smart wheelchair technologies. In the
following sections, an overview of the methods involved in assisting power wheelchair
navigation will be presented. Then, the generic modeling framework and robotics tools
applied in this work to power wheelchair driving assistance will be presented.

Powered mobility aids such as power wheelchair devices are non-holonomic wheeled
vehicles which have to navigate within complex environments. Safe navigation requires
the wheelchair user to manage multiple challenges with respect to physical barriers,
narrow environments, dynamical environments, crowds, etc. To alleviate the issues
encountered by the users, solutions can be provided to make a wheelchair "smart" in a
way that it is able to assist the user to manage these issues. Technological innovations
are therefore investigated either to overcome physical barriers by means of specific
mechanical designs or to ensure safer navigation by means of smart power wheelchair
solutions.

In this chapter, a first overview of mechanical solutions will be provided. Then, a
review of smart power wheelchair solutions will be introduced. After a review of the
existing smart powered mobility solutions, we propose to summarize the technological
requirements resulting from the past projects. Finally, a robotic "toolbox" is proposed
to set out the sensor-based servoing principles which have been applied to the proposed
smart wheelchair solutions all along this thesis.

2.1 Mechanical design solutions

As navigation issues experienced by power wheelchair users are often reported to be
related to the wheelchair design itself as well as physical barriers in the environment
[ROS15|, power wheelchair navigation issues can be alleviated by improving the mechan-
ical design itself so that the wheelchair can overcome the physical barriers (i.e. steps,
curbs, uneven terrains) or be maneuvered more easily in specific situations. Within this
scope, innovative wheelchair designs are investigated. For example, some wheelchair
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Figure 2.1 — TopChair step climbing wheelchair.

designers propose holonomic designs allowing the power wheelchair to be maneuvered
more easily in narrow environments without a series of difficult maneuvers. These types
of design is usually used within indoor environment but present drawbacks while navi-
gating outdoors. [KMLB17|. In addition, a systematic review describing step-climbing
wheelchair designs (including leg-wheel hybrid systems, spider wheels, additional struc-
tures for lifting, and crawler tractors), claimed that many prototypes allowing single
step or continuous steps climbing were under development [SWDC17]. However, only
one of them, the TopChair (Figure 2.1), combining wheels and caterpillar track as avail-
able on the market. The TopChair was tested in France by 25 persons with Spinal Cord
Injury (SCI) who have been able to successfully operate the TopChair indoors and out-
doors [LGFT08|. However, the TopChair consists in a specific whole wheelchair design.
Moreover, the TopChair is bulkier and heavier than other power wheelchairs because
of its electromechanical property and caterpillar tracks. This type of solution therefore
presents significant drawback for daily use by end-users.

2.2 Smart power wheelchair solutions

"Smart power wheelchair" is a denomination which can refer to 2 notions. Firstly,
smart power wheelchair can refer to connected devices plugged onto a wheelchair. This
type of smart device allows users to experience a better quality of daily life by making
information accessible to everyone. Hence, users can get assistance from a community
in the form of delivered information (for example about the accessibility of the route
and services). Indeed, difficulties encountered while driving in a constantly changing
city could typically be overcome by a smart connected wheelchair solution that provides
a collaborative support for information exchange between power wheelchair users (e.g.
for example to notify the presence of road works, accessible public toilet). In that
regard, several solutions are designed to provide smart connected wheelchair suiting
users needs.

Secondly, a smart power wheelchair can also refer to power wheelchairs instrumented
with sensing devices, in other words robotic wheelchairs which can react to their envi-
ronment. In the remainder of this work, "smart wheelchair" will always refer to this
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type of devices. Smart wheelchair technologies therefore involve driving assistance in
the way that wheelchair control support can be provided. Indeed, assistance can be
provided on different levels in the same way as in the car industry ¢.e. from low-level
assistance (e.g. parking assistance, automated emergency braking) to high-level assis-
tance (e.g. collision avoidance, autonomous vehicles detecting road conditions, road
signs and even pedestrians). While the former can be implemented to punctually assist
power wheelchair regular users with respect to maneuvering difficulties in their daily
experience, the latter can be considered for providing assistance to people with sensory
and cognitive impairments that prevents them from driving a power wheelchair safely
in all types of environment.

In this part, an overview of the robotics tools which have been investigated so far
for designing smart power wheelchair solutions will be presented. This literature review
will first cover sensing devices and techniques and then the control techniques designed
to provide navigation support to wheelchair users.

2.2.1 Sensing

In order to react to its environment, a smart power wheelchair has to be equipped with
exteroceptive sensors measuring the surrounding environment characteristics. In this
part, the most commonly used sensors within smart power wheelchair research field will
be presented. Then, the most relevant sensors for user-centered design of smart power
wheelchair solutions will be discussed.

2.2.1.1 Vision sensors

Vision sensors are widely used for robot navigation [MM14] [LXXZ18]. If common vision
sensors used in mobile robotics are RGB-D cameras and omnidirectional cameras, some
systems also use one or several low cost monocular cameras [FPRARM15|. Unlike
other sensors, cameras can see color, thus allowing scene interpretation and features
classification. Cameras are usually low-cost but necessitate high computational load
and complex algorithms as they measure important amounts of data. Independently
of the camera type, cameras have to be calibrated (manually off-line or automatically
on-line). Calibration estimates intrinsic and extrinsic parameters. While the former
depend on the geometry on the camera (focal length and principal point), the latter
depend on the position of the camera in space (rotation and translation with respect
to some coordinate system). A major drawback of camera use for mobile robot (and
thus power wheelchair) navigation is the many factors that can impact the calibration
of the camera. For example, environmental factors (e.g. humidity, temperature) can
change the intrinsic camera information humidity or temperature. Moreover, a physical
shock or damage to the wheelchair (e.g. while crossing a curb, hitting an object) can
invalidate the previously acquired calibration. Monocular cameras have already been
used within the scope of wheelchair assisted navigation [NPM™16] but showed important
weaknesses. Indeed, the cameras attached to the wheelchair required autocalibration
process in order to provide robust data. This autocalibration was not sufficient to
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provide satisfying behavior while testing with regular power wheelchair users.

2.2.1.2 Laser rangefinders

Laser rangefinders are widely used in mobile robotics. This type of sensor uses a laser
pulse to measure distances to objects. The most common types of laser rangefinders are
based on the Time of Flight (ToF) principle which consists in measuring the absolute
time that a laser pulse needs to travel from the emitter to the object and back to the
receiver. The distance is then simply deduced from the travel time measurement and
the known speed of the laser light. Thus laser rangefinders, also called LiDARs, incor-
porate a small rotating mirror shifting between each measurement allowing a scan of the
environment which can be used to produce detailed maps of complex environments. For
example, the Hokuyo URG-04-LX laser rangefinder has a detection area of 240 degrees
wide and 6 cm to 4 m range (Figure 2.2).

Non-detection area’ 120"
Detection Area: 240°

Max. Distance: 4000mm

Power: 5v DC
Interface: RS-232C, USB

(a) Hokuyo URG-04-LX sensor. (b) Detection area.

Figure 2.2 — Laser range finder sensor example.

Laser rangefinders are used in many applications in robotics, in particular for nav-
igation tasks such as localization or obstacle avoidance [FPRARMI15|. They also have
been widely used for power wheelchair navigation assistance research. However, they
have shown significant drawbacks for smart wheelchair development. Particularly re-
garding their cost and fragility, as well as their limitation to only planar detection of a
3D world.

2.2.1.3 Ultrasonic sensors

Ultrasonic sensors are very popular in many robotics applications. These sensors have
a lot of benefits as they are cheap, compact and low-power consuming.

As shown in Figure 2.3b, a ultrasonic sensor is composed of a piezoelectric com-
ponent attached to the top inside of a metal case. When a voltage is applied to this
piezoelectric component, a mechanical distortion occurs. Therefore, it is possible to gen-
erate an ultrasonic wave by exciting this component with voltage pulses. The reverse
is also true, the piezoelectric component generates electrical signals when receiving an
ultrasonic wave. These sensors are then able to send ultrasonic waves and to receive the
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echo produced by the reflection of the ultrasonic wave on an object. The echo is then
converted into an electrical signal from which distance to the object can be deduced
using the Time-of-Flight principle.

However, cross-talk and signal processing are still an issue limiting their use.

Metal Case

-
Piezoelectric
Ceramic
I Lead Wire
\ Base
Shielding
Material
Cable
(a) Ultrasonic sensor and its electronical
circuit board. (b) Ultrasonic sensor composition.

Figure 2.3 — Ultrasonic sensor.

2.2.1.4 Infrared sensors

Infrared sensors have been used a lot in applications requiring accurate distance mea-
surement. However, they have not been popular in the mobile robotics field in particular
to perform navigation tasks. Indeed, the first generation of infrared sensors (Figure 2.4a)
simply measured the amount of light received by the detector. The resulting restricted
detection range as well as the cost were prohibitive to consider the use of such sensors
to perform robot navigation tasks. Therefore, the use of infrared sensor was for a long
time restricted to proximity detection only. However, a new infrared sensor technology,
FlightSense, has been recently developed and patented by ST Microelectronics. This
new generation of sensors is based on the Time-of-Flight (ToF) technology. Moreover,
the detection range which was restricted to less than 1 meter with the previous genera-
tion is greatly increased and can reach 4 meters. The most recent sensor VL53L1 from
STMicroelectronics (Figure 2.4b) also allows multi-zone detection. Moreover, this type
of sensor is about 5 times cheaper than the first generation of infrared sensors.

2.2.1.5 Which sensor(s) for a smart power wheelchair ?

Within the scope of navigation assistance, the most relevant sensors are those measur-
ing distances from a robot to a target in order to reach or at the contrary avoid an
object. Although sensors such as LIDARs are widely used in robotics as they provide
accurate distance detection, they are, because of their cost and fragility, less likely to
be incorporated into industrial low-cost accessible solutions.
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(a) Sharp GP2YO0A21 infrared sensor. (b) STMicroelectronics VL53L1 ToF in-
frared sensor.

Figure 2.4 — Infrared sensors.

As Simpson highilighted in his review on smart power wheelchair technologies [Sim05],
an ideal sensor for power wheelchair navigation assistance would be a low-cost and low-
power consumption sensor that can detect obstacles as well as drop-offs over a wide
range of operating conditions and surface materials. Although sensing technologies
have largely been improved since 2005, there still exists no such sensor available on
the market. Hence, there is a trade-off between high-performance but also expensive
and fragile sensors such as LiDARS or stereoscopic cameras and low-cost more robust
sensors such as infrared and ultrasonic sensor.

2.2.2 Control

When a power wheelchair has been instrumented with sensors gathering information
from the environment, navigation assistance solutions can be designed in the form of
semi-autonomous or autonomous wheelchair control techniques.

Although the term "smart wheelchair" appeared in the literature in the early 1980s
[Jaf82], few actual wheelchair navigation assistive solution have ever been used by people
with disability. Since that time, many research teams have focused on the development
of power wheelchair navigation assistance solutions.

In this section, we present the most commonly used navigation assistance techniques
investigated within the smart power wheelchair research field, namely autonomous
methods and semi-autonomous control methods.

2.2.2.1 Autonomous navigation assistance

Autonomous navigation assistance solutions can be designed to assist people with severe
motor disabilities (e.g. amyotrophic lateral sclerosis, locked-in syndrom) or executive
functions impairments preventing theme to plan or execute a task [DJF02|. Autonomous
solutions require the user to indicate the task to perform (maneuvering backwards,
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passing a door, etc.) or the destination to reach. Instructions to the wheelchair can
be given by speech control [SL02|, gaze-based interfaces [MIOO01|, with a tactile screen
device [MDBM10] and even by Brain-Computer Interfaces (BCI) [CM13].

Localization and mapping A popular approach to perform navigation tasks safely
is path planning. This technique usually requires localization in the environment (i.e in
an already known environment, from a starting point, by means of environment instru-
mentation, with respect to a reconstructed local map of the environment around the
robot). Localization consists in determining the pose of a robot relatively to a given
representation of the environment in the form of global localization (robot position is
estimated without taking account its initial position) or position tracking (estimation
of current position by keeping track of motion from initial position). The main local-
ization methods for robot localization are beacon-based localization, dead reckoning
localization, and map-based localization.

The beacon-based localization method requires environment instrumentation with
elements which the robot will detect to localize itself. These elements, called beacons,
are detected by using exteroceptive sensors. Active and passive beacons can be dis-
tinguished. Active beacons send a signal which is received by the robot (e.g. GPS
for outdoor navigation, WiFi for indoor navigation [BV10] [TACA09]|) whereas passive
beacons emit no power and can be detected by passive exteroceptive sensors such as
cameras (e.g. 2D bar codes, street signs). The main drawback of this method is that
it usually requires the knowledge of the environment or at least an instrumentation
of the environment for indoor navigation. However, smart power wheelchair solutions
aim to provide assistance while driving a wheelchair in an environment consisting of
environmental physical barriers as well as dynamic obstacles such as other vehicles or
pedestrians. Therefore, such a method relying on the instrumentation of the environ-
ment does not meet the smart wheelchair requirements.

Another typical approach to achieve robot localization is dead reckoning [HBBC96|.
Dead reckoning consists of estimating the robot position by calculating its expected po-
sitions in the environment given a known starting position. This is achieved by robot’s
proprioception measurements such as acceleration, heading, wheel rotation. Measuring
only the rotation of each actuated wheel using sensors such as encoders is called odome-
try. One major drawback of this localization technique is that its limited long-term use
due to error accumulation: the integration of the sensor data as well as wheel slippage
cause inaccurate wheel rotation measurements [BF95|. Some errors are closely related
to the design of the robot; these errors can then be reduced by adapting the mechnical
design of a robot [CK97|. In addition, wheel slippage issues are common to a majority
of mobile robot, power wheelchairs are then also subject to variations of load shifts
inducing variations in wheel diameter. This adds errors in the estimation of lateral
position [BBL194]. Therefore, the development of solutions on commercialized power
wheelchairs which were not designed to minimize dead reckoning errors is particularly
not compatible with accurate localization required for a robust control framework.

Finally, autonomous wheelchair navigation is usually achieved by means of map-
based navigation [MDBM10| [MHVO05] [SSMS17|. In this case, the robotic wheelchair
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uses a map of the environment to locate itself using exteroceptive sensors (usually LI-
DARs) measurements. Some smart power wheelchairs are based on the well-known
SLAM technique [CLST10] [CBF*14]. This approach consists of mapping the local en-
vironment while simultaneously localizing the wheelchair relative to the built map. The
benefit of using such a method is that it provides localization without using odometry
methods. However, the drawback of these methods is their high computational cost
as well as issues while dealing with dynamical environments. Other techniques such
as probabilistic map-based discretized occupancy grids can be used to represent the
position of obstacles in the environment and compute a safe trajectory within the com-
puted local map [RMSL11]. The trajectory of the wheelchair is often computed using
autonomous planners such as the Potential Field Approach. This technique consists in
generating collision-free trajectories while relying on a local map of the environment. A
commonly used path planning technique is the potential field method [Kha86] [TDG™ 10|
which is inspired from the concept of electrical charges. This method consists in con-
sidering the robot as an electrically-charged particle that is influenced by charged fields
in the environment that can be the goal position to reach (towards which the robot is
attracted) and the obstacles to avoid (by which the robot is repelled).

To sum up, a lot of works have been conducted on autonomous wheelchair navigation
using path planning, localization, map-based techniques. However, these techniques re-
quire the use of expensive sensors (e..g LIDARS, RGB-D cameras). Moreover, the
computation of the local map around the wheelchair generally requires high computa-
tional capacities which are not compatible with low-cost and low-power consumption
embedded computing units.

Autonomous servoing Specific driving tasks such as door-passing or navigating
safely within a corridor can also be achieved by visual servoing techniques [PNBC16]
[NPMT16] [PBS13]. The visual servoing approach allows autonomous wheelchair con-
trol without relying on a map of the environment or odometry measurement. Moreover,
visual servoing techniques provide low-cost and efficient solutions which ca be easily em-
bedded on standard power wheelchairs. However, the need for autocalibration prevents
the use of cameras in assistive solutions because of robustness issues.

2.2.2.2 Semi-autonomous navigation assistance

Navigation support can also be provided in the form of semi-autonomous assistance.
Semi-autonomous navigation assistance methods consist in sharing control with the
user ¢.e. to allow the wheelchair to progressively take over the control while user in-
put is unsafe. In the literature, three different strategies have been identified [Co095]
[UPFC*10]. The first one is based on a goal prediction framework, and requires odom-
etry and usually expensive sensors such as LIDARs. The second one is called behavior-
based shared control and switches alternatively between different modes of navigation
leading to potentially unwanted discontinuities in the control law. The third solution,
denoted as continuous shared control approach, regulates the assistance in a progressive
manner while fusing the user control with a collision avoidance framework.
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As for autonomous methods, some semi-autonomous methods can rely on local
maps of the environment representing the position of the obstacles to avoid [HABC12]
[ETD*17] [LPN13| [BAK'13]. The resulting shared control between the system and
the driver is usually achieved by blending techniques or activation of the assistance
while needed.

Various semi-autonomous wheelchair project have been designed over the past 25
years such as the Wheelesley [BCM 07| or NavChair [LBJT99| projects. However, they
usually remained on the stage of laboratory research and no technological transfer was
achieved.

2.3 Smart power wheelchairs requirements

While with the design of smart automotive solutions, the difficulty in smart power
wheelchair development relies on the design, which has to take into account disability
specific requirements. Indeed, assistive navigation solutions aim to be used by two end-
user categories. While the first concerns people who already have a wheelchair and
experience driving difficulties in their daily-life, the second concerns people with severe
or degenerative disabilities who cannot drive a power wheelchair safely because their
sensory and/or cognitive impairments.

Although Smart Power Wheelchairs have been a research topic since the 1990s, there
is still no device available on the market. This lack of technological transfer may be
explained by the lack of involvement of end users and clinicians in the development
process. And if some research teams had the opportunity to test their smart power
wheelchair prototype within rehabilitation centers or care facilities with end users and
clinicians, it was typically at the end of the development process. Although user and
clinician feedback on the final prototype is very useful, it has been highlighted that they
should take part from the beginning in the design and development process. In Rennes,
the collaboration between INSA Rennes and Pole Saint Hélier in which this thesis has
taken part is quite unique and made possible the sharing of knowledge and expertise
of robotics researchers, neurologists, therapists, and healthcare network. As a result,
the proposed Smart Wheelchair solutions are developed using an end-user centered
approach. Indeed, the development process involves people in short and long term
care, neuropsychologists, occupational therapists, neurologists specialized in physical
and rehabilitation medicine.

Moreover, while inexpensive sensors such as infrared or ultrasonic ones are used
to detect distances in educational robots, industrial robots still mainly use expensive
technologies such as laser rangefinders to detect distances as the measurement are highly
accurate and reliable. However, industrial robots do not face the many constraints that
embedded robots have to meet, especially robotized wheelchairs.

In 2005, the literature review made by Simpson [Sim05| covering 46 projects world-
wide gave an overview of the existing smart power wheelchairs as well as perspectives
and guidelines for future smart wheelchair designs in order to achieve widely use. This
review highlights the need for low-cost, plug-and-play, easy to learn solutions.
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A more recent review on smart power wheelchair technologies defines the best smart
wheelchair as a device utilizing at the same time a multi-modal interface that combines
computer vision, touch, voice, and brain control; 3D map-based autonomous navigation;
cloud computing applications streaming and analyzing sensory data in real-time [LL17].
While such a wheelchair could be useful for people with physical impairments, it would
not suit the needs of clinicians and people with severe disability in the context of
rehabilitation. Indeed, lessons learned from past projects as well as the collaboration
with end-users and clinicians rather recommend simple and easy to learn interfaces and
devices, in particular for people with visuo-spatial and cognitive impairments.

The objective of this work is then to provide simple, cost-effective, smart powered
mobility solutions. As all these solutions have to be available to end-users, the proposed
smart power wheelchairs solutions have to face the following constraints:

e Power efficiency: A power wheelchair is generally equipped with a pair of 12V
batteries generating 24V. These batteries allow the user to drive for a distance of
30 km range per battery charge. The devices embedded on the power wheelchair
(e.g. distance sensors, computing unit) are powered by these batteries. Therefore,
the use of low-power consumption devices is mandatory to have a minimum impact
on battery usage.

e Low-cost. Smart power wheelchairs solutions are intended to provide navigation
assistance to people with disability. The provided assistance can take place in the
daily life of a person who has a power wheelchair but also in long term care facilities
with the aim to maintain autonomy or be used as a training or rehabilitating
tool by occupational therapists in rehabilitation centers. Therefore, smart power
wheelchair solutions are intended to be low-cost solutions affordable and available
for widespread usage.

e Plug and play solution immediately compliant with any model of commercialized
wheelchair: Depending on the lifestyle, impairments and other factors related
to the person who needs a power wheelchair, there are many different power
wheelchair types and models available on the market. Therefore, it is important
to provide navigation assistance for every model and for all budgets. Moreover,
a plug-and-play system can be purchased once and be adapted to multiple chairs
over its lifetime. It also provides flexibility in terms of sensor configuration and
input controller devices thus matching more easily each individual needs [Sim05].

e Form factor. Plug-and-play assistive devices must not modify the size or shape
of the wheelchair. Indeed, it is mandatory to maintain the wheelchair’s ability to
pass doorways and navigate within narrow spaces. Moreover, unchanged size and
shape are crucial for the transfers at home or within specialized centers (from the
wheelchair to a bed, from a chair to the wheelchair).

e Low computational cost algorithms: Embedded computing units such as micro-
controllers or Raspberry Pi computers fit the requirements in terms of low-power
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consumption, cost, and form factor. However, they offer less processing capa-
bilities. Therefore, smart power wheelchair solutions will have to run with a
low-computational cost.

Based on these requirements, smart power wheelchair solutions design is a challenge
on innovative detection methods, shared-control methods taking into account user in-
tention but also hardware integration requiring small, robust, low-cost, low-power con-
sumption hardware. In the following, we propose to use sensor-based servoing techniques
to design smart powered mobility solutions applied to power wheelchair navigation.

2.4 Robotics tools for smart power wheelchair design

2.4.1 Power wheelchair modeling

The power wheelchair is modeled as a rigid body composed of 2 actuated wheels; each of
which being actuated by independent motors mounted on a common axis. These motors
can turn clockwise or anti-clockwise, enabling the wheelchair to achieve linear motion
as well as turn motion. As therapists usually recommend 6 wheel wheelchairs to people
with driving difficulties, the modeled wheelchair is a 6 wheel wheelchair consisting of 4
passive caster wheels of which 2 are at the front and 2 are at the rear ensure wheelchair
support and stability. The classical design of a 6 wheels power wheelchair is represented
in Figure 2.5.

Motor

. om————— Drive wheel

Caster wheel

Figure 2.5 — Standard 6 wheels power wheelchair (Quickie Salsa M?).

This differential drive system induces a non-holonomic contraint on the motion of the
wheelchair which is then kinematically equivalent to a unicycle type robot from the class
of type (2, 0) robots as defined in [dWSB12|. In the following, let fR(R,X)R,);}z, Z})
be the frame attached to the robotic wheelchair (Figure 2.6a).

The control input u for such a 2-DoF system is given by

u= H , (2.1)

w

where the 2 variables v and w respectively denote the translational velocity along
Xr and the rotational velocity around Zp (Figure 2.6b).



38 Background

ﬁ1 ﬂ rﬂ Eﬁ— Caster wheel

1
....... 1 =1
H Drive wheel
ﬁ—az ﬁ—@t e
U L

(a) Definition of the robot frame. (b) Differential control of the wheelchair.

Figure 2.6 — Modeling of the robotic wheelchair.

2.4.2 Sensor-based modeling

Let x be the a set of data of dimension m provided by a sensor s. The sensor jacobian
Js links the control input u to the sensor signal variation x so that

x=J.u (2.2)

Sensor-based control uses the sensor position with respect to the robot. Let v, be the
velocity of the sensor. The sensor motion can then be characterized by its instantaneous

v, = {”S} : (2.3)

where the translational velocity and rotational velocities are respectively given by
Vs = [Up Uy U;] and wy = [w, wy w;]. The sensor motion v, is related to the robot
motion v, by

velocity

vs = *W,v,, (2.4)
where *W,. is the velocity screw transformation matrix from the sensor frame Fy to
the robot frame Fpr. This matrix is given by [Pau8l|
‘R, [St,«}XSRT]

S _
W= [03x3 Ry

(2.5)

where R, is the rotation matrix and °t, is the translation vector between Fr and
Fs, and [°t,], is the 3 x 3 skew-symmetric matrix related to °t,.
The robot velocity is also expressed as

v, ="J,u, (2.6)

where "J,. is the robot jacobian expressed in the robot frame such that

10
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Combining 2.4 and 2.6, we can highlight the link between sensor velocity vg and the

control input u by
v, = ‘W, "J,u. (2.8)

In addition, the variation of the sensor features x can also be expressed by
x = Lgvy, (2.9)

where L is the sensor interaction matrix defined in [SEB91| and [ECR92].
Finally, the sensor jacobian defined in 2.2 is obtained from 2.9 and 2.8, hence

J, =LSW,'J,. (2.10)

2.4.3 Sensor-based control

In case of mobile robotics, while planning techniques require a priori models of the en-
vironment, sensor-based control only requires knowledge about the interaction matrix
as well as the sensor location with respect to the robot frame. Moreover, this method
allows to achieve low-computational cost thus meeting the embedded systems require-
ments. In addition, it is possible to achieve flexible and reactive control while at the
same achieving satisfying precision and speed performances.

The goal of a sensor-based task is to control the system by regulating the error e =
x —x* defined as the difference between the set of data x of dimension m provided by a
sensor mounted on a robot and its desired value x* to zero. The motion task is expressed
in the sensor space, there is no pose estimation nor motion planning. Therefore, no a
priori knowledge of the environment is needed leading to better robustness against
unpredictable events (e.g. dynamic obstacles).

Based on the sensor-based modeling presented in Section 2.4.2, we can then deter-
mine the control law ensuring at best an exponential decrease of the error e as

€= —)e. (2.11)

Combining 2.9 and 2.11, we obtain the following control law:
u=-\J(x—x") (2.12)
where A > 0 is a gain and J is the Moore-Penrose pseudo-inverse of the sensor jacobian

Js.

2.5 Towards user-centered smart powered mobility design

This chapter has presented an overview of existing works on assistive solutions for pow-
ered mobility. From the review of these works outcomes and conclusions, technological
requirements for new designs have been deduced. This thesis aims to take into ac-
count the feedback from all these past projects experiences and conclusions to develop
adapted, relevant navigation assistance solutions. To do so, this thesis also relied on
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the close collaboration with users and therapists to better define the expectations as
well as limitations related to the output of this work. In the next chapters, we will
present the tools and solutions for powered mobility which arise from this thesis. We
first present a powered mobility simulator enabling rapid design of proof-of-concept as
well as a promising tool for learning and rehabilitation purposes. The navigation assis-
tance methods developed in this work rely on the sensor-based modeling and techniques
presented in section 2.4.



Chapter 3

An assisted powered mobility
simulator

This chapter presents the design of an assisted powered mobility simulator. We present
here the clinical and technological motivations for this work. Then, we present the
proposed powered mobility simulator framework. Finally, we present validity assess-
ments of the proposed assisted powered mobility simulator. The content of this chapter
has been presented at the IEEE International Conference on Rehabilitation Robotics
(ICORR) in 2017 [C.1].

3.1 Why design a powered mobility driving simulator ?

3.1.1 Virtual reality benefits

A tool for ecological assessment Virtual Reality (VR) is a promising tool to be
directly used by therapists and patients. Indeed, it has been shown to be easy to use,
safe, and to contribute to high patient satisfaction within a clinical context [DRIT17]
while also impacting positively on user’s motivation [BBB*06||[How17]. Real-world
scenarios can be simulated within flexible, and repeatable Virtual Environments (VE).
Moreover, simulated scenarios are risk-free and therefore require less supervision from
therapists as they provide a safe environment without any risk of collision or physical
injury. VR allows the therapists to achieve abilities assessment by simulating more
ecological situations [OASL18| by placing patients in simulated daily-life scenarios which
can hardly be set up within classical evaluation because of time, cost, space or risk
considerations.

A tool for rehabilitation VR can also play a positive role within rehabilitation
purposes. Indeed, some VR systems have already been investigated to help people
with disability develop new communication skills [Str97], and improve their ability
to achieve tasks of the daily-life situations simulations within outdoor environments
[DMC*12|[KKS*13]. Moreover, as VR allows full control over the simulated environ-

41
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ment, it also enables control of events and thus the amount of distractions and tasks
to achieve is controllable. Therefore, a simulated virtual environment can contain more
or less distractors or tasks to achieve and thus adapt the cognitive load for patients.
Hence, it is possible to challenge participants execution functions during grocery shop-
ping simulation [KKST12| or attention functions street crossing [NLNT13] or to train
specific tasks such as driving a wheelchair [IL95].

A tool for prototyping These last decades, simulators have played a critical role
in robotics research as they provide the possibility of quick and efficient testing of new
concepts, strategies, and algorithms. Indeed, Virtual Prototyping (VP) uses virtual
rendering to design a system and evaluate its performances while eliminating the need
for designing physical prototypes. In addition, VP allows quick developments thus
reducing the time involved in design and performance evaluation of complex systems
as well as their development costs [RHT16]. Besides, VP also allows multiple persons
to design and test different prototypes [CFS17| without requiring multiple physical
platforms to be available. This makes VP a powerful tool for within robotics research
and development processes.

3.1.2 Powered mobility simulation: related work

Powered mobility simulation started in 1992 with the very first power wheelchair driving
simulator [LW92|. However, almost 30 yers later, powered mobility simulation is still
a research topic with few on-going projects and no industrial solution available on the
market, in particular for clinical use by therapists.

Several powered mobility simulator have been designed for power wheelchair navi-
gation. In France, a research team elaborated the VIEW simulator to identify driving
difficulties by performing driving analyzes but also training sessions aiming to improve
driving performances in the real world [MBC™18]. This simulator allows to easily and
quickly perform driving sessions while recording driving-related data without instru-
menting a wheelchair or the environment. It is displayed on a single computer screen
and has been already used within rehabilitation center with children having Cerebral
Palsy (CP) (Figure 3.1) as well as people with multiple sclerosis [MFR*14|. The posi-
tive results of a recent study tend to show that, in terms of training, a powered mobility
simulator can be a valuable decision-making tool for evaluation of driving abilities by
therapists [MBC™18].

Another simulator has been developed in Quebec, the miWe simulator. This pow-
ered mobility simulator also aims to assist therapists in assessing and training power
wheelchair driving skills. It is also displayed on a single computer screen (Figure 3.2).

While a majority of simulators use a single screen display, some simulators use 3
or 4 screens to give a wider view of the virtual environment as well as increase user
sense of immersion. The simulator proposed in [MDCD13] uses 3 computer screens to
perform wheelchair driving performances assessment and training [MDCD13]. An other
design combines the use of 4 computer screens display with the use of a 6 axes stewart
platform to increase user sense of immersion [ISIK09]. However, this type of design does
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Figure 3.1 — Scene from the view simulator [MBC™18].

not seem safe enough to be accepted nor used by clinicians and people with disability.
Some other simulators use more immersive display devices: Head Mounted Displays
(HMD) [Gon14][RPM*15|[HDP*15||[NGSK17|. Although greatly improving the sense
of immersion within the simulation, HMDs require user embodiment representation in
the virtual world. This can be achieved by accurate motion capture of the whole body
thus requiring the use of specific additional sensors or even markers displayed on the
user body. However, solutions requiring instrumentation of the body as well as wearing
a mask can cause user acceptability issues.

The majority of powered mobility simulation devices are displayed on screens and
thus poorly immersive. Nevertheless, several research teams have developed driving sim-
ulators and VR applications including power wheelchair navigation scenarios [ACR09],
[Rod15], [ARO17]. Most of the driving simulators in the literature are displayed on a
computer screen or with a Head Mounted Device (HMD). In such configuration, the vir-
tual simulation generally includes the representation of a self-avatar as it increases the
sense of immersion and improves size and distance judgments [Sch10|. The presented
work can be considered as a first step in the simulator development process. As user
embodiment is complex to be transcribed because it requires motion capture of the all
user body parts (feet, legs, hands, etc.), we rather use an immersive 3D life-size scale
platform allowing the user’s real body to be immersed within the virtual environment.

Finally, the powered mobility simulator must ideally be validated in terms of sim-
ilarities with real world experiences to ensure proper use and benefits within clinical
assessment and rehabilitation contexts. In the literature, 4 levels of simulator validity
have been identified, namely physical, experiential, ethological, and psychological va-
lidity [MFO01|. Physical validity refers to the similarity of sensory perception between
real and virtual environments (i.e. accelerations, contrasts, spatial sound). Experiential
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Figure 3.2 — Scene from the miWe simulator [ACST11].

validity is the similarity between sensations experienced in real and virtual situations.
Ethological validity concerns the similarity between the behaviors adopted on the sim-
ulators and in real situation. Finally, psychological validity deals with the underlying
processes which lead to a the adopted behavior.

In the field of car driving, a long-term study has shown positive transfer of driving
skills from the virtual situation to real wold situations [HB16|. As for wheelchair driving,
some studies have started to investigate simulator validity assessment. For example,
a study on the miWe simulator comparing wheelchair driving performances between 2
groups in real and simulated environments showed similar driving performances between
driving in virtual situation and in real life [ATCT12]. Another older study has also
shown compared wheelchair driving performance with 2 joysticks inputs both in virtual
and real environments [CSJT02] showed similar wheelchair driving performances in the
real and virtual conditions. They also emphasized the fact that virtual wheelchair
driving training may provide greater practice to users while not requiring more clinician
time than clinical evaluation and training currently carried out in real environments.

Although driving simulators are used in some research laboratories even within
clinical assessment contexts, no simulator incorporates assistive navigation methods
nor the possibility to easily develop robotic solutions. The purpose of this work is then
to propose such a standardized, easy to use simulator for research and development but
also driving skills assessment, learning, and rehabilitation.
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3.2 An assisted powered mobility simulator

This section details the proposed simulator for assisted powered mobility.

3.2.1 Generic driving simulator framework

The idea is to propose a simulation framework in which a virtual wheelchair can be
actuated with any type of input controller (e.g. wheelchair standard joystick, game
controller, chin control device). The resulting 3D Virtual Environment (VE) aims to
be displayed on multiple virtual devices (e.g. computer screen, on an HMD, or on an
immersive VR room). In order to provide a realistic behavior, the dimensions and the
behavior of the virtual wheelchair have to be rigorously similar to those of a chosen
real wheelchair model. The virtual wheelchair designed for this simulator has been
modelled from the Luca power wheelchair from the Sunrise company (Figure 3.3a).
This wheelchair has previously be used as a first prototype of smart wheelchair solutions
[BPG*15|. The virtual and real wheelchairs are presented in Figure 3.3.

(a) Real Wheelchair. (b) Virtual Wheelchair.

Figure 3.3 — Real and virtual wheelchairs. Red frames indicate sensor positions.

3.2.2 Wheelchair driving simulation

The proposed framework was developed in collaboration with the Irisa/Inria Hybrid
team using the Unity 3D/MiddleVR game development platform especially to be easily
interfaced with the 4 screen Immersia Virtual Reality platform located in Rennes (Figure
3.4). Unity 3D is a widely used cross-platform game creation system developed by Unity
Technologies. It includes a game engine and an integrated development environment.
MiddleVR is a generic immersive VR plugin compatible with Unity. The communication
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between 3D world and VE is achieved by means of a generic framework developed with
the middleware ROS .

Figure 3.4 — Immersia is one of the largest VR research platforms in the world. It
is composed of 4 large screens on which images are projected for a total volume of
approximately 90m?3. The 3D rendering is achieved by using active stereoscopic method
associated with shutter glasses. 16 infrared cameras track the moving objects on the
platform.

As a first step, the virtual power wheelchair actuation is implemented using the
framework represented in Figure 3.5. The proposed framework is composed of the
following 3 ROS nodes, namely:

e Display ROS node. This node manages VE display i.e. the display of virtual
components within the scene. It also deals with the physical engine computations
allowing wheelchair realistic behavior in terms of navigation and interaction with
the VE. Moreover, this ROS node manages automated data collection from the
VE. Finally, the Display ROS node also manages virtual wheelchair control, here
torques applied to each motor wheel.

e Controller ROS node. This ROS node manages input controller data collection,
here the standard wheelchair joystick commands.

e Control ROS node. This node manages the computation of the velocity control
input to be applied to the wheelchair.

At this stage, the proposed framework allows wheelchair control within the VE (Dis-
play node) using a velocity control input (Control node) computed from the controller
information (Controller node).

3.2.3 Assisted navigation within the virtual environment

In addition to power wheelchair driving simulation, the proposed simulator also consists
of an assisted navigation functionality. The simulator is thus provided with a robotized
virtual wheelchair equipped with virtual sensors able to detect environmental features.
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Figure 3.5 — Input commands are collected using the Controller ROS node and used by
the Control ROS node to compute the commands to apply to the virtual wheelchair.
The Display node handles the display of the VE as well as the commands to the virtual
wheelchair actuators.

As multiple assisted navigation solutions aim to be designed within this simulator, the
proposed framework has to be versatile and flexible in order to easily add new func-
tionalities and switch between the different solutions. The resulting generic framework
(Figure 3.6) is an extension of the framework presented in section 3.2.1.

In this framework, the virtual wheelchair is controlled by means of torques applied on
its wheels (Display node) which are computed from the velocity control input (Control
node) calculated from input controller information (Controller node). Virtual sensor
information (represented in blue dashed line) is used to compute a control law (Control
node). The resulting velocity control input can be used to modify the virtual wheelchair
trajectory within the VE or to send additional information to the user through a haptic
a feedback interface (black dashed line).

3.3 Simulator validity assessment

3.3.1 Study design

The proposed simulator was assessed in terms of quality of experience and satisfaction
with able-bodied participants. This experiment consisted in navigating in the VE while
sitting on a real power wheelchair placed on the immersive platform (Figure 3.7). The
proposed study was designed and conducted in collaboration with the clinical staff of
the Rehabilitation Center Pole Saint Hélier.
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Figure 3.6 — Power wheelchair assisted navigation simulator framework.

Figure 3.7 — User sitting on a real power wheelchair placed on the immersive platform.

The VE used in this study was composed of two obstacle courses:

e Obstacle course A (Figure 3.8): This obstacle course is taken from [HWM13].
It is composed of maneuvers such as right/left turns, discrete maneuverability
obstacles, straight line path and a turnaround.

Obstacle course B (Figure 3.9): The second obstacle course was designed for the
experiment. The user starts at the beginning of a corridor of decreasing width,
turns right and follows a 1 m wide corridor with a 0.9 m wide open door on his
right. At the end of the corridor the user passes through a narrower passage and
traverses a space with obstacles.

Participants were first asked to perform a set of individual driving tasks derived from
the widely used standardized Wheelchair Skill Test ([KDMT04]) such as rolling forwards,
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Figure 3.8 — Obstacle course taken from [HWM13] in the VE.

turning 90" while moving forward, turning in place. This preliminary training session
was done in order to ensure that participants were able to manipulate the wheelchair
in the VE before accomplishing other tasks in the VE.

After this short training, participants were asked to drive the wheelchair on the two
obstacle courses with and without driving assistance in single-blind so that the partici-
pants were not aware of the state of activation of the assistance. Trials were randomized
by switching the order of the driving assistance state of activation. Moreover, the order
of passage was alternated for the 2 obstacle courses to avoid a possible learning effect.
Instructions were given before the trial. Signs were added to indicate the user the
direction to follow in the virtual environment in order to minimize the experimenter’s
intervention while the participant was on the platform because preliminary tests showed
that it was strongly uncomfortable and disturbing for a participant to have someone
giving instructions while navigating in the virtual environment. The overall test took
about 20 minutes per participant.

3.3.2 Data collection

Automated data collection using ROS was used to record the following data
e commands from the wheelchair joystick,
e commands sent to the virtual wheelchair,
e wheelchair position and velocity with respect to the global world,
e collision coordinates in the virtual environment,

e virtual sensors data,
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Figure 3.9 — Obstacle course designed for the experiment.

e time completion.

After completing the obstacle courses on the simulator, participants were asked
to complete a set of questionnaires. The first one is the I-Group Presence Question-
naire (IPQ [Sch03|). This test consists of 14 items divided into 4 categories namely
Spatial Presence (SP), Experienced Realism (REAL), Involvement (INV), and General
Impression (G) evaluated using a 7-point Likert scale. The workload imposed by the
simulator was also assessed using the widely used NASA Task Load Index questionnaire
(TLX [Har06]). It is composed of six questions related to the following workload factors:
Mental Demand (M), Physical Demand (PD), Temporal Demand (T), Performance (P),
Effort (E), and Frustration (F).

The following 7-point Likert questions were added to the participants questionnaire
sheets

e Rate your experience with power wheelchair.

e Did you experience sickness on the simulator?
e Did you experience headache on the simulator?
e How often do you play video games?

e How often do you use virtual reality devices?

in order to better understand the answers of the participants.

3.3.3 Results

9 able-bodied participants aged from 11 to 38 years old have volunteered to participate
in this study. Most of the participants were novice with power wheelchair driving, only
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one of them rated his experience with power wheelchair driving as 5 out of 6 on a 7-point
Likert-type scale.

3.3.3.1 Presence

Presence was measured using the IPQ Questionnaire [Sch03|. Means and standard
deviation for all categories are displayed in Figure 3.10. Scores were on average above
3 for Involvement (INV) and above 4 for General Impression (G) and Spatial Presence
(SP). Experienced Realism score (REAL) was on average below 3.

3.3.3.2 Perceived Workload

Perceived workload was assessed using the NASA-TLX Questionnaire [Har06]. The
user rates each workload factor on a scale from 0 to 100. The total workload score is
calculated by a weighted sum of the six scores. NASA-TLX scores are displayed on
Figure 3.11. The results show scores on average below 50 and with a mean of 27.24 /-
18.2 (Mean +/- Standard Deviation) over the 9 participants.

3.3.3.3 Simulator sickness

6 participants reported having felt sick during and/or after the experiment and 4 of
them also suffered from headache. The intensity of these effects was moderate and did
not prevent the users from completing the experiment.

3.3.3.4 Driving assistance

7 participants out of 9 noticed the activation of the driving assistance. Figure 3.12 shows
the number of collisions that occurred with no assistance activated during the exper-
iments. Participants collided a total number of 25 times. With assistance activated,
only 1 participant hit an obstacle.
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The completion time values are summarized in Figure 3.13 and show that trials with
assistance last more time than trials without assitance.
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Figure 3.12 — Number of collisions for each participant on both obstacle courses with
and without driving assistance activated.

3.3.4 Discussion

Based on the IPQ questionnaire results, the proposed simulator seemed to generate
a rather good sense of presence. The only low IPQ questionnaire score is related to
Experienced Realism (on average below 3), indicating that participants did not interpret
the simulated environment as a real one, which is not surprising as the design of the VE
was poorly realistic. NASA TLX questionnaire suggests that the use of the simulator
requires moderate cognitive load. As for the driving assistance, 7 out of 9 participants
noticed its activation. It is to be noted that most of them were aware of the nature of
our research work probably leading to a bias in their perception of driving assistance
activation. One of the two other participants who did not notice the activation of the
assistance is used to drive a power wheelchair: this tends to show that the behavior of
the virtual wheelchair in the simulator is not altered by the application of the driving
assistance algorithm.

Most of the participants reported having felt moderately sick during the navigation
tasks. This issue could be partly due to the fact that driving in the VE generates quick
movements for which the refresh rate of the virtual reality platform (60 images per
second) could be insufficient. For another part, this is due to the fact that the wheelchair
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Figure 3.13 — Completion time for each participant on both obstacle courses with and
without driving assistance activated.

is not moving while moving images are displayed on the screens. This probably leads to
an alteration of the perceived self-motion. To address this issue some improvements of
the simulator can be made. First, as it is indicated in [RVSP09|, adding auditory cues
can increase the perceived self-motion. Future works will then address this problem by
adding sounds to our simulator, especially wheelchair brake sounds. Future work will
also focus on increase navigation realism and perceived self-motion by adding tactile
sensory cues using a mechanical force feedback platform [RPM™15].

Results of the experiments show that participants collided a total of 25 times with
no driving assistance whereas only one participant collided once with an obstacle while
the assistance was activated. Collisions happened more often on the obstacle course A,
particularly on the part with moveable obstacles. Here, performing navigational tasks
on obstacle courses allowed us to validate the use of virtual sensors to perform driving
assistance. The collision recorded while the assistance was activated happened on a
difficult maneuver where obstacles are discrete and quite thin. Therefore, this collision
was most probably due to the fact that the rays sent by virtual sensors did not detect
the thin obstacle. One solution to this could be to improve virtual sensor measurement
by using cone-shaped virtual objects instead of raycasting method.

However, while this study showed simulator validity in terms of able-bodied user
quality of experience within VE only, such a powered mobility simulator has to ensure
behavioral and experiential realism. While the former concerns wheelchair dynamical
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behavior such as speed, acceleration and driving sensations, the latter concerns the
correspondence between virtual and real environments. In particular, standardized en-
vironments and scenarios are expected to enable benchmarking between different smart
power wheelchair solutions. Within the scope of training or rehabilitation, experiential
validity is highly required, particularly to ease skills transfer and behaviors acquired
during the wheelchair driving sessions.

3.4 Simulator experiential validity assessment

The objective of the proposed study is to assess experiential validity of the proposed
powered mobility simulator. The idea is to carry out driving tests within virtual and
real identical environments on identical virtual and real driving circuits.

3.4.1 Assessment protocol

3.4.1.1 Objectives

The first objective is to compare user wheelchair driving performance on the same driv-
ing task between real and virtual conditions. Moreover, this study aims to evaluate the
simulator experiential validity ¢.e. the similarity of feeling between the real environment
and its virtual equivalent. In other words it is the degree of subjective credibility given
to the simulated situation. In this case, the objective is to compare the wheelchair
driving experience between real and virtual conditions.
3.4.1.2 Assessed criteria
In this study, the following criteria are assessed:

e navigation task completion time,

e number of collisions,

e sense of immersion (IPQ questionnaire [Sch03]),

e cognitive load on the wheelchair driving task in real and virtual conditions (NASA-
TLX Questionnaire [Har06]),

e participant sickness level (only in virtual condition) with a single 10 points Likert
scale,

e participant satisfaction (USE Questionnaire [Lun01]).

3.4.1.3 Population

10 able-bodied participants aged from 18 to 28 years old without prior wheelchair driving
experience participated in this study.
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3.4.1.4 Driving task

Participants were asked to drive on a driving course which has been designed within
the scope of the Interreg ADAPT project (https://adapt-project.com). This course,
depicted on Figure 3.14, consists of the following steps

wheelchair starting before the starting line,

go to the end,

turn around,

continue back to the start line,

cross the start line,

turn around a plastic cone positioned 1 meter from the start line,
cross the start line again,

go forward for 3 meters, stop,

go backward until the start line and stop.

Figure 3.14 — Circuit designed for this study.

3.4.1.5 Procedure

Tests were performed on two days. Participants performed the wheelchair driving test
in the real condition on the first day and the virtual wheelchair driving tests in the
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virtual condition on the second day. The instruction given to the participants for the 2
conditions were to drive the fastest they can without colliding. Wheelchair parameters
(acceleration, deceleration, speed) were the same for all the participants.

Day 1: Real condition Before performing the driving task, participants were given
3 minutes off the circuit to take the power wheelchair in hand by performing basic
maneuvers. Then, participants were asked to perform the driving task 6 times in a row.
At the end of the 6 times performing this driving circuit, participants were asked to fill
all the questionnaire and evaluation scales. Circuit setup is shown on Figure 3.15.

Figure 3.15 — Driving circuit setup in the real condition.

Day 2: Virtual condition Tests in the virtual condition were conducted on the VR
platform Immersia (Figure 3.4). The user’s head position is tracked in order to move
the virtual scene viewpoint accordingly to user movements.

The circuit used in virtual condition is the same circuit, with the same exact di-
mensions reproducted within the virtual environment. Circuit setup is shown on Figure
3.16.

Figure 3.16 — Driving circuit setup in the virtual condition.

The virtual wheelchair is configured with the same speed as in the real condition. In
this framework, the user is sitting on a real standard power wheelchair placed on a VR
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platform at the same position as the virtual wheelchair in the VR platform’s frame. The
participant sitting on the real power wheelchair operates a standard joystick from Penny
& Giles attached to the wheelchair to control the virtual wheelchair (Figure 3.17).

Figure 3.17 — Participant driving the virtual wheelchair in the VE while seating on a
real wheelchair.

Before performing the driving task, participants were given 3 minutes off the cir-
cuit to take the control of the power wheelchair in virtual reality and perform basic
maneuvers in the virtual environment.

Then, participants were asked to perform the driving task 6 times in a row.

At the end of the 6 times performing this driving circuit, participants were asked to
fill all the questionnaire and evaluation scales.

3.4.2 Results

We here present the results of the experiential validity simulator assessment.

3.4.3 Discussion

Participants generally took less time to perform each trial of the course in the virtual
condition. While there was no gap between numbers of collisions in real and virtual
conditions (Table 3.5), the difference between time completion (Table 3.4) results can be
explained by the lack of caster wheels dynamical effects on the trajectory of the virtual
wheelchair. This study has been conducted with a version of the proposed simulator
which relies on the Unity physics engine and thus cannot take the caster wheel effect



58 An assisted powered mobility simulator
PN | 1 2 3 4 5 6 7 8 9 |10 | 11 | 12 | 13 | 14 | MS
1 2 5 5 3 4 5 5 5 6 5 6 2 3 2 | 4,14
2 5 2 7 6 4 5 5 6 6 5 4 2 2 6 | 4,64
3 4 3 2 3 2 6 1 6 6 6 2 1 4 7 13,79
4 * * * * * * x * % * * * * * *
) 3 ) 5 5 3 6 2 6 3 5 5 2 3 5 14,14
6 5 3 7 4 4 5 5 5 5 5 5 2 4 6 | 4,64
7 3 2 7 6 4 5 3 6 6 6 5 2 2 5 14,43
8 4 4 6 3 4 5 5 5 5 5 2 2 3 3 | 4,00
9 5 5 6 7 6 4 3 6 6 5 6 1 5 3 | 4,86
10 2 6 5 4 4 6 3 5 4 5 2 3 4 4 14,07
11 3 3 5 5 4 5 5 5 6 5 5 1 6 5 | 4,50
MS|36|38|55|46|39]5237|55/|53|52|42]|18]36|46 | 4,3

Table 3.1 — IPQ questionnaire detailed scores. MS = Mean Score. PN = Participant
Number. * = participant withdrawal.

Mean score
General 3,6
Spatial presence 4,6
Involvement 49
Experienced realism 3,6
Global 4,3

Table 3.2 — IPQ questionnaire mean scores.

into account. This issue could be alleviated by implementing a full power wheelchair
physical engine allowing identical behavior to real navigation. This work is currently
undergoing within the Interreg ADAPT project.

In terms of immersion in our simulator, we can notice better global results than
in the previous study presented in section ?7. This was mainly due to the fact that
participants recognized the reconstituted real environment in which they performed the
first part of the trial on the day before. Indeed, IPQ Questionnaire results 3.1 were
rather satisfying, with better scores than the previous study. Moreover, NASA-TLX
scores are higher in virtual reality but still rather low (Table 3.6). This suggests that the

Participant

1

10

11

Mean Score

Sickness level

10

7

8

6,44

Table 3.3 — Participant sickness level scores.

* =

Participant withdrawal.
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Real condition

Virtual condition

Mean

86,21

79,94

SD

1,555

0,980

Table 3.4 — Time of completion mean scores (s). SD = Standard Deviation.

Real condition

Virtual condition

Mean

0,08

0,11

SD

0,106

0,088

Table 3.5 — Number of collisions. SD = Standard Deviation.

Real condition

Virtual condition

Mean

2,08

3,60

SD

1,229

1,001

Table 3.6 — Task load. NASA-TLX questionnaire mean scores (Likert 7-point scale).
SD = Standard Deviation.

Ease of use | satisfaction | ease of learn
Real condition 5,96 6,59 5,24
Virtual condition 5,53 6,27 4,80

Table 3.7 — User satisfaction results. USE Questionnaire mean scores (Likert 7-point
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simulator is simple enough to learn and use. Moreover, results of the USE Questionnaire
show user rather equal satisfaction with both conditions (Table 3.7).

In addition to experiential validity, behavioral validity will also be assessed before
considering clinical use of the simulator for assessment and rehabilitation purpose. In-
deed, such a simulator has to provide behavioral validity ¢.e. corresponding behavior
between real and virtual environment. This is mandatory to properly assess either one
individual’s performances or transferring skills acquired in virtual reality to the real
world. To do so, future works will aim to investigate user behavior analyzes within real
and virtual conditions. Additional data can then be recorded, for example, the devi-
ation from an ideal trajectory [MSDT11] or user interventions on the controller input
[ACST11][MBC*18].

Moreover, future works will aim to define multiple scenarios including different dif-
ficulty levels from basic maneuvers within indoor environments without distractions to
complex maneuvers within complex highly distractive environments.

In terms of physical validity, existing systems including the proposed simulator, are
not technically able to produce physical validity [MF01|. Therefore, technical solutions
can be used to produce illusions relying on human sensory and visual perception limi-
tations. Although the results on immersion and satisfaction seem to be satisfying, the
feeling of nausea, headache or even sickness are still felt by the participants (Table 3.3).
While one of the participants has withdrawn from the experiment during the tests on
the virtual platform, on other has withdrawn during the filling of the scales at the end
of the trial. Apart from these 2 participants who felt very sick, sickness levels are rather
disparate from 2 to 10 with a mean score of 6,44 on all the participants. This shows
that physical validity is not achieved yet. To alleviate this issue, the physical validity
of the proposed simulator aims to be significantly improved by future use of a dedi-
cated mechanical platform (Figure 3.18) rendering driving sensations. This platform
comes with a Salsa M2 wheelchair seat. This physical rendering platform aims to re-
produce physical sensations such as acceleration or damping. Hence, it will replace the
standard wheelchair currently used to control the virtual wheelchair within the virtual
environment. This work is on going within the Interreg ADAPT project.

3.5 Conclusion

As discussed in section 3.1, VR is a relevant tool for assisted navigation solutions proto-
typing and driving skills assessment and rehabilitation. The powered mobility simulator
proposed in this work first aims to allow rapid design of proof-of-concepts and feasi-
bility tests of assisted navigation solutions within a realistic simulated environment to
reproduce real-life situations.

As it provides risk-free environments for power wheelchair navigation with auto-
mated data collection, such a simulator could also further be extended to the evaluation
and training of inexperienced power wheelchair users if validated through future tests
with occupational therapists and people with disability. Since it has been designed in
such a way that it is multi-platform, it could easily be displayed on an HMD or be
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Figure 3.18 — Mechanical platform for enhanced virtual experience.

reproduced in a smaller and low-cost VR platform in a rehabilitation center. Then, the
idea is to extend the use of such a tool to clinical assessment and rehabilitation use,
for example to perform relevant driving skills learning in particular situations such as
crossing the road or navigating on a curb. Moreover, as this tool aims to ease assisted
navigation solutions development, driving assistance solutions also aim to be available
within this simulation to assist the therapist within rehabilitation scenarios.

With a powerful tool such as Virtual Reality more ecological situations should be
designed. People with disability could greatly benefit from virtual training within daily
life situations encountered by wheelchair users. The training could consist of learning
how to maneuver a wheelchair in large spaces but also challenging driving abilities with
more difficult tasks such as navigation in a narrow corridor or with obstacles on the way.
Future works will aim to improve the simulator with new Virtual Environments and the
introduction of more sensory cues to increase the sense of immersion. In addition, this
simulator is now used as a development tool to go further in the design and evaluation
of new driving assistance solutions within the Rainbow team laboratory. Indeed, this
simulator has the advantage of providing quick and easy setting as well as requiring
significantly less time and material resources.

Finally, the proposed simulator is flexible and provides interchangeability of the nav-
igation assistance algorithms and virtual sensor types in order to foster collaborative
work. The resulting powered mobility simulator also aims to provide a standardized
comparative and benchmarking tool for assisted navigation solutions. Indeed, it is still
extremely difficult to compare different solutions because of the multiple changing pa-
rameters involved in the evaluation process (e.g. evaluation environment configuration,
power wheelchair model and dynamical parameters).



62

An assisted powered mobility simulator



Chapter 4

Indoor power wheelchair navigation
assistance

This chapter details a wheelchair navigation assistance method in indoor environments.
The idea is to define a velocity controller using a sensor-based servoing method which
aims to semi-autonomously provide control input regulation while driving a power
wheelchair. This semi-autonomous driving assistance consists in providing progres-
sive wheelchair velocity adaptation ensuring a safe collision-free wheelchair trajectory.
Practically, this shared control paradigm consists in using distances measured from sen-
sors to "positive" or vertical obstacles (i.e. which level is higher than floor level) to
compute a wheelchair control input which respects the user input as much as possible
(i.e. intention) while avoiding collisions with obstacles.

The content of this chapter has been published in the IEEE International Conference
on Robots and Systems (IROS) proceedings in 2016 [C.2].

63
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4.1 Generic shared control approach

Designing a trajectory correction process requires shared control frameworks. The re-
sulting semi-autonomous navigation system fuses manual control and robotic control,
leading to a man-in-the-loop robotics application. To increase the Quality of Expe-
rience of such an assisted navigation, the proposed solution should integrate the user
intention. To this aim, we here propose a generic shared control approach that takes
into account the user velocity instruction, the manual control coming from a traditional
joystick and a set of constraints deduced from the sensors. Similarly to the Dynamic
Window Approach, this shared control solution is based on the definition of two dis-
tinct areas (allowed/forbidden areas) in the wheelchair velocity domain. The proposed
method uses a sensor-based servoing approach to provide a low complexity algorithm
and to simplify the geometry of the areas.

4.1.1 Objective

As presented in section 2.4.3, the purpose of sensor-based controls is to regulate the
error e = s — s* represented by the difference between the measured s and desired s*
value of a set of features.

Sensor-based control is widely used in visual servoing processes where visual features,
extracted from vision sensors such as cameras, are used to control robot motion in a
closed loop system. Visual servoing or visual servo control [CHO6| can be categorized
within 2 main approaches:

e Position based Visual Servoing (PBVS). This approach consists of a 3D local-
ization problem in which the pose of the camera with respect to some reference
coordinate frame is used to define the set s. To do so from an image, it is necessary
to know the camera intrinsic parameters as well as the 3-D model of the object
observed by the camera.

e Image based Visual Servoing (IBVS). This approach consists in using a set s of
visual information directly available in the image data to control the robot motion.
Within this paradigm, the motion task is expressed in the sensor space and there
is no robot pose estimation nor planning.

In this work, we will apply the IBVS approach to our robotic wheelchair with
distance sensors instead of vision sensors. For each distance sensor attached to the
wheelchair, we will extract a set of features s which will directly be used to compute
wheelchair velocity regulation with the aim to avoid hazardous situations such as colli-
sions with obstacles.

4.1.2 Modeling

As shown on Figure 4.1,

o let Fr(R, fR, Yi{, Z_}{) be the frame attached to the robotic wheelchair,
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o let Fy, (i, X}-, }7;, Z) be the frame attached to the sensor s;,

e let u = (v,w) be the 2-DoF control input of the wheelchair,

e let v, be the velocity of the sensor s;,

e let x; be the distance from the sensor s; to the obstacle,

e let 27 be a minimum allowed distance from the sensor s; to the obstacle,

e let 0; be the orientation of the sensor s; with respect to the robot frame z-axis,

e let a, be the angle formed by the sensor s; z-axis and the normal of the detected

obstacle in the xOy plane,

e let oy, be the angle formed by the sensor s; z-axis and the normal of the detected

obstacle in the xOz plane.

(a) Definition of robot and sensor frames in the horizontal (b) Definition of frames in the
plane. vertical plane.

Figure 4.1 — Definition of the robot and sensor frames.

Each sensor s; is rigidly fixed to the robot frame so that the translation vector "tg,
between Fy, and Fpg is such that

"t = | bi| (4.1)

with a; and b; depicted on Figure 4.1.
The rotation matrix R, relative to sensor s; frame F, with respect to the robot

frame Fpg is given by

cosf; sinf; O

%R, = |—sinf; cosf; O

0 0 1

The translation *t, between the robot Fp frame and the sensor s; frame Fj, is then

obtained from %R, with

(4.2)
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sig, = SR, "t,,. (4.3)

From *R, and ®it,, the velocity screw transformation matrix defined in equation
2.5 is given by
SiRr [Sitr]xsiRr

YW, =
7" - .
033 R,

(4.4)
with [ ]« the skew matrix expression.

The velocity v, of the sensor s; in the sensor frame Fj, is derived from the robot
2-DoF' control input u in the robot frame using

v, = "T,u, (4.5)

with
ST, =W, J,, (4.6)

where "J, is the robot jacobian defined in equation 2.7.

4.1.2.1 Interaction matrix computation

For each sensor s;, the interaction matrix L, links the velocity vs, of the sensor s; to
the measured distance variation #; such that

di = Ly, v, (4.7)

with L, € RS,

All the sensors are rigidly attached to the robot frame and the rotation around z-
axis does not induce distance measurement variation. Therefore, the interaction matrix
L., for each sensor s; is such that

L,, = [-1 tan(as,) tan(oy,) 0 zjtan(eay,) w;tan(os,)], (4.8)

where «, is the angle formed by the sensor s; x-axis and the perpendicular to the de-
tected obstacle (Figure 4.1).

4.1.2.2 Practical consideration

In this work, we propose to use ultrasonic sensors to measure distances to obstacles.
This choice was made on a thorough examination of the smart power wheelchair solution
requirements which came out of previous works on this topic (part 2.3). Due to the
physical properties of the ultrasonic wave propagation, the distance measured by an
ultrasonic sensor corresponds to the shortest path taken by the emitted ultrasonic wave
to reach the obstacle and echo back to the sensor receptor within its field of view.
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4.1.2.3 Case of frontal and lateral sensors, 6; € {0, 5, M, —T, —%}

As discussed above, the physical properties of ultrasonic sensors allow us to apply the
principle of the shortest path, i.e. we assume that the obstacle is exactly located at
the minimum distance given by the sensor, and oriented perpendicular to the sensor
s; x-axis. Then, an obstacle detected by a sensor s; is considered perpendicular to its
z-axis. Therefore, for each obstacle detected by a ultrasonic sensor, we consider the
angle o, formed by the sensor s; z-axis and the detected obstacle (Figure 4.1) is such
that a, ~ 0 (Figure 4.2).

Yi

:: i0,1

Shortest distance to the obstacle

Figure 4.2 — Case of frontal and lateral sensors: a, ~ 0.

This approximation is applicable to all the sensors attached on the wheelchair, except
for corner sensors which will require an estimation of the orientation of the detected
obstacle by additional computations in order to provide a consistant behavior of the
wheelchair.

4.1.2.4 Particular case of corner sensors, 0; ¢ {O, 5y, =T, —%}

As discussed in part 4.1.2.2, it is not possible to determine the orientation of a detected
object with the measurement of a single ultrasonic sensor. Indeed, the only information
available from such a sensor is a distance measurement. As previously shown for lateral
and frontal sensors, it is possible to consider the obstacle perpendicular to the sensor s;
z-axis by approximating «a,, ~ 0. However, this approximation would lead to detection
limitations in the case of corner sensors. This limitation can be easily illustrated by
taking the example of navigation along a wall. In this situation, lateral sensors and
corner sensors can detect distances to the wall (Figure 4.3a). However, as the assumed
information measured by each sensor is the shortest path to the obstacle, the theoretical
detection is different from the actual obstacle configuration (Figure 4.3b).

In order to overcome this issue, it is possible to estimate the orientation a, of an
obstacle detected by a corner sensor s;. To do so, each corner of the wheelchair is
equipped with 3 sensors arranged such as shown on Figure 4.4.

The sensor s; is oriented with an angle 6; with respect to the robot frame z-axis. The
sensors S;+1 and s;—1 are respectively oriented with angles ¢;41 and ;1 with respect
to the sensor s; z-axis with [0;_1| = |oi41] = . The orientation of an obstacle detected
by a corner sensor s; can be estimated from the information measured by the sensor s;
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.
Shortest distance to the obstacle Obstacle [:]j Ultrasonic sensor

(a) Actual obstacle configuration while (b) Obstacle configuration theoretically de-

navigating with a wheelchair along a wall. duced from corner distance measurements.

Figure 4.3 — Examples of corner sensor detection while navigating along a wall. Purple
cones represent sensors field of view.

adjacent sensors s;—1 and s;41.

As shown on Figure 4.5

e let B;_1 = arctan <‘r’—+1) and ;41 = arctan (xi”),

Ti— Ti+1
e let i be the normal to the detected obstacle.

The computation of the estimation o’;, of o, can be divided into 3 cases:

. T .
Az = Pi1 — n if zi1 > i1,

. T .
A = Bic1 — 1 if i1 > @i, (4.9)
o, =0, else.

Thanks to this estimation o’; of the detected obstacle orientation a,, the detection
method can be improved by 2 methods:

Method 1: Referring to section 4.1.2.1, the first and straightforward way to incorpo-
rate the estimation of the obstacle orientation «, into the calculations would intuitively
be to use this estimation into the interaction matrix calculation. Therefore, we would
have

L,, = [-1 tan(a;,) tan(oy,) 0 zjtan(oy, z;tan(as,)] (4.10)

(3



Generic shared control approach 69

Oi-1

Xi+]

(a) Case of i1 < @i—1. (b) Case of x;11 > ;1.

Figure 4.5 — Calculation of «;; with 6; = 7.

In addition, considering detected obstacles are vertical, the interaction matrix ex-
pression can be simplified by using the approximation that a,, ~ 0. Therefore, we
have

Ly, ~ [-1 tan(az;) 0 0 0 z;tan(as,)] (4.11)

K3
with
a, = o, if s; is a corner sensor,
(4.12)

o, = 0, elsewhere.

With this method, the interaction matrix linking the velocity vy, of the sensor s; to
the measured distance variation &; takes different values depending on s; being a corner
sensor or not.

Method 2: In order to take benefit from the intrinsic physical properties of ultra-
sound waves by considering the measured distance being the shortest path taken by the
ultrasonic sensor signal to reach the obstacle and echo back, an other way to use the
estimation o, of the obstacle orientation detected by a corner sensor s; is to virtually
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modify the orientation of the sensor s; to make its x-axis perpendicular to the obstacle.
This is done by defining a matrix SZ’T; taking o, into account if s; is a corner sensor.
In this case, for all sensors, the interaction matrix L, is such that

L,,=[-1 0 0 0 0 0], (4.13)

and equation (4.5) can be rewritten as

Vs, = SiT;u, if s; is a corner sensor, (4.14)
vs, = **T,u, otherwise, ‘
with siT; such that
ST, =%W,"J,, (4.15)
with ) ,
R SR, [Pit,]x% R
YW, = r XL 4.16
s |:03><3 siRT 9y ( )
where *R., is such that
cos(0; + o) sin(6;+az) 0
%R/, = | —sin(6; + a3,) cos(6; +az,) 0] . (4.17)
0 0 1

4.2 Autonomous robotic wheelchair control

The objective of sensor-based autonomous servoing is to control the robot to ensure at
best an exponential decrease of the error e = s —s* (part 2.4.3). Within the framework
of smart power wheelchair navigation, a distance sensor s; attached to the robot frame
Fr can be used to measure a distance x; to a detected obstacle. Then, the error e,
is such that es; = z; — ;7 where x; € Rt and x; € R* being respectively the distance
measured by a sensor s; to an obstacle and the minimum allowed distance between the
robot and the obstacle.

4.2.1 Autonomous control framework

The dedicated control law ensuring exponential decrease of ey, is such that
€s;, = —Aeg,; (4.18)

where A\ € R** is a gain.
As the minimum allowed distance to the obstacle z; is a constant value, é;, = ;.
This leads to have
T = —Neg,. (4.19)

Considering that &; = Ly, vs, (4.7) and v,, = *T,u (2.8), leading to

i; = Ly, % Ty, (4.20)
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the control law introduced in equation (4.19) can be rewritten as

L., 5 T,u= —\es,. (4.21)
The error ey, is defined such that e;, = x; — x, therefore we get
L, T,ua=—\z; —z}), (4.22)
leading to
Js,u=—\z; —z7) (4.23)

with Js, = Ly, % T, being the sensor s; Jacobian introduced in equation (2.10).
Finally, the 2 DoF control input u of the robot is then controllable with the following
control law

u=-A\7(; — z}) (4.24)

with Ji € R?*! the Moore-Penrose pseudo-inverse of the sensor jacobian Jg,.

4.2.1.1 Simulation

In Figure 4.6, we report a simulated case meant to illustrate the convergence of the
control law. The simulation aims to demonstrate the properties of the autonomous
control law introduced in equation (4.24) for 4 different robot configurations with respect
to an obstacle.
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Figure 4.6 — Evolution of ey;, v and w in simulation.

The simulation results show the exponential decrease of the error ey, associated
with a decrease of linear and rotational robot control inputs to zero as the error e,
decreases. In other words, wheelchair velocity control inputs progressively decrease as
the wheelchair approaches the obstacle until it reaches the minimum allowed distance
x;. As aresult of this autonomous sensor-based control, the robotic wheelchair smoothly
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reduces its velocity while approaching a detected obstacle and gently stops when the
measured distance x; equals the virtual safety margin z} i.e. es; = 0. Based on these
results, it can be concluded that the proposed control input regulation method using
distance sensor-based information allows the robot to approach a detected obstacle until
reaching a minimum allowed distance to the obstacle.

However, despite the ability of this method to approach a detected obstacle until
reaching the minimum allowed detected distance, it does not take the user input i.e.
user intention into account. This lack of consideration for the user input within the
control loop does not allow consistent wheelchair navigation behavior and therefore
does not meet smart power wheelchair navigation assistance requirements.

4.3 Sensor-based servoing for semi-autonomous navigation

In this part, we will present a sensor-based semi-autonomous wheelchair velocity reg-
ulation method. Such a navigation assistance method aims to avoid collisions with
obstacles by smoothly correcting the wheelchair trajectory while respecting as much as
possible user intention.

Control methods involving user input within the control loop can be denoted as
semi-autonomous control methods or "shared-control" methods. In this framework, the
wheelchair velocity control is shared between the user and the navigation assistance
algorithm. The purpose of such a system is for the system to be able to take over the
control of the wheelchair while there is a danger for the user. In this type of situation,
the user progressively loses control to the system which modifies the wheelchair control
input in order to ensure a safe local trajectory correction.

Therefore, such a sensor-based control system could meet safety navigation expec-
tations as it decreases speed and, if necessary, stops the wheelchair while approaching
an obstacle. However, such a system is also expected to be be adapted to people with
disability needs for navigation assistance. To meet this requirement, the system will
have to be able to involve the user into the control loop to provide a wheelchair behav-
ior consistent with the user intention. This is achievable by means of sharing control
between the user and the navigation assistance system.

4.3.1 Semi-autonomous control framework

Sensor-based servoing for semi-autonomous navigation consists in regulating the velocity
control input of the wheelchair in order to avoid a detected obstacle while still allowing
full control to the user when there is no danger of collision. This can be achieved by
the formulation

é> —)e (4.25)

where e = s — s* is defined as the difference between the set of data s and its desired
value s*. A\ € R™ is a gain.

Within the framework of smart power wheelchair navigation assistance, a wheelchair
can be equipped with distance sensors measuring distances to the obstacles around the
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wheelchair. For each sensor s;, the error e, is such that e,, = x; —x] where z;, x} € RT
respectively the distance measured by a sensor s; to an obstacle and the minimum
allowed distance between the robot and the obstacle.

e Let uyy = (Uop, wop) be the user desired control input,
e let uung = (Vemd, Wemd) be the robot control input,
e let z7 be a minimum allowed distance from the sensor s; to the obstacle,

o let es;, = x; — 2] be the error between x; and z;.

Case of a single sensor: Considering that the minimum allowed distance to the
obstacle x} is a constant value, involving é5, = #;, in equation (4.25) gives

i > —Aes,, (4.26)
where we constrain 2; by a minimum value — e, leading to the design of a proportional
velocity limitation around obstacles.

Considering that 2; = Lg,* T, u (equation (4.20)), inequality (4.26) can be written
L., 5" T,u > — e, (4.27)

i.e.
Ju > —eg,. (4.28)

where J,, = L,,*T, stands for the sensor s; Jacobian introduced in equation (2.10).

The system (4.28) is thus a linear inequality system. As opposed to the system (4.23)
for which a unique solution can be calculated, this system which can admit an infinite
number of solutions and forms a 2D half-plane in the wheelchair velocity domain. This
half-plane, defined by inequality 4.28, can be rewritten as

a5,V + bs,w > — e, (4.29)
with a5, € R and bs, € R such that Js, = [as, bs,]. The graphical representation of this

half-plane in the wheelchair domain is illustrated on Figure 4.7.
Defining A; = J5, and B; = —\es,, inequality (4.29) can also be written

Case of N sensors: When considering N sensors, we can rewrite inequality (4.30)

Au>B (4.31)
using
A[) ;SO BO _ieso
A= : = 51 and B = : = N1
An-1 JSN—l By _)‘651\171

which defines a convex polygon in the wheelchair velocity domain as shown on Figure
4.8.
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Figure 4.7 — Half plane in the velocity domain

o

Figure 4.8 — Convex polygon in the wheelchair velocity domain

4.3.1.1 Computing shared control values

Shared control is achieved by providing assistance to the user while performing the
navigation task by blending user input and a computed virtual input. In this case, the
desired velocity ugy,q is computed from user velocity input u,.

The computation of the virtual desired velocity input u.,,g consists of the following
optimization problem

(4.32)

Uemd = muin f (uop’ 11)
Au>B

which consists of the minimization of a cost function f under the inequality constraints
(4.31).

Shared control aims first to respect as much as possible user intention by allowing full
control while there is no danger of collision and by providing smooth velocity adaptation
in the case where the wheelchair gets close to an obstacle. To do that, a safe control input
u can be computed from sensors measurements constraints. The shared control results
in a trade-off between the input u and the user input u,,. This trade-off is obtained by
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Figure 4.9 — Half plane in Figure 4.10 — Definition of Figure 4.11 — Definition of
the velocity domain Py and Py P5 and P3

choosing f as a weighted euclidean norm that corresponds to the minimization of the
euclidean distance between the input u and the user input u,,. f is defined as

f(ugp,u) = (v — ’Uop)2 + B(w — wop)2 (4.33)

where a > 0 and § > 0.

Shared control also determines how the user intention is taken into account. A
human-in-the-loop control scheme provides a control value u.,,q which respects as much
as possible the main direction given by the user. To do so, the weighting parameters «
and S can be set so that they model intention of the user. This way, a and S are set to

the following values
a= |v
B = |Wop|-
The problem can then be written as a classical quadratic optimization problem using
Uemg = minglu + luTHu
o u 2 (4.35)
Au>B

Withg:uop[_oa —05] andH:[g g]

Wheelchair control is computed from user velocity input in the wheelchair velocity
domain with respect to constraints deduced from sensors measurements.
First, we define two sets Py and P; as shown on Figure 4.10, such that

Py ={u/Au> B}

4.36

P, = {u|Au > B} (4.36)

Hence, the problem (4.35) can be resolved only if Py # (). To alleviate this issue,

the set Py = (), the minimum allowed distance from a sensor s; to the obstacle z} can
be dynamically decreased to expand the size of P thus solving the problem.
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The area defined by P can be defined as an "allowed" input area for which user
input is considered as safe. By opposition, the area defined by P§ (Figure 4.10) can
be defined as a "forbidden" area for which user input is considered unsafe i.e. with a
risk of collision. Therefore, when considering user input w,,, 2 different cases can be
distinguished:

Case 1: if u,, € Py, user input is within the virtual "allowed" area, meaning that no
collision can occur. Then, the resulting wheelchair control is such that ucm,q = uep,

Case 2: otherwise, if u,, € P§, user input is within the "forbidden" area and is
considered as unsafe. As the cost function is convex, its minimum is reached when
U = Ugp, Uemd € Po — Py. The problem can then be solved as there exists at least one
i such that A, u = B;.

Under Case 2, as all the constraints are linear, only two different sub-cases are
possible:

Case 2.1: there exists one and only one i such that A; u = B;. Then, for each sensor
Si, the system
1
A~ . T T
a=ming u+ -u Hu
w' & 1T (4.37)
Ai u = Bz

has to be solved. We then look for a set Py = {t1|t1 € Py} of possible solutions (Figure
4.11). In fact, the system (4.37) corresponds to a cost function minimization along
a line and is easily solved. As all the constraints are linear, we get card(P2) < N
7.e a maximum of N computations of the cost function. This case corresponds to the
minimum being located on a segment of the polygon described by Py — Py,

Case 2.2: there exists one and only one couple {i,7} such that for each couple of

sensors {s;, s;}, the system
A= B
{ ’ ’ (4.38)

Aju=D;
is solved. We then look for a set P3 = {a|ta € Py} of possible solutions (Figure 4.11).
The system (4.38) corresponds to a linear system and is once again easily solved. As all
the constraints are linear, we also get card(P3) < N i.e a maximum of N computations
of the cost function. In this case, the minimum is achieved on a corner of the polygon
described by Py.
Finally, the optimization problem (4.35) can be written as

) 1
{ucmd = ueglzlgpg glu+ iuTHu (4.39)

An exhaustive search on Py U P3 leads to at most 2N computations of the cost
function and provides the solution of the problem (4.35).
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To sum up, the user velocity input is considered as a coordinate within the wheelchair
velocity domain. This velocity domain is split into 2 areas deduced from the constraints
computed from sensors measurements:

e an "allowed" area within which user input is unchanged,
e a "forbidden" area within which the user velocity input is considered unsafe.

The proposed shared control solution allows progressive control of the wheelchair while
respecting as much as possible user input. This shared control allows the user full
control when the wheelchair is operated without risk of collision (i.e. user velocity
input is within the "allowed" area). If there is a danger of collision (i.e. user velocity
input is within the "forbidden" area), user velocity input is progressively blended with
its projection value within the "allowed area" thus smoothly regulating the wheelchair
velocity to avoid the collision while keeping moving and respecting as much as possible
user velocity input. The formulation of the problem leads to solving a simple quadratic
system under constraints.

4.4 Simulations

This section presents the results of a simulation to better demonstrate the properties
of the proposed shared control law with a virtual wheelchair .

As shown on Figure 4.13a, the virtual environment corresponds to a 2 meter wide
and 10 meter long corridor with 4 obstacles. The virtual wheelchair starts from the
beginning of the corridor facing the top wall with an angle of 60°. The user input is
constant and equal to 100% of the maximum speed of the wheelchair. The wheelchair
is equipped with 9 virtual sensors with a refresh rate of 50H z. This number of sensors
has been chosen as a worst case scenario to test the collision avoidance all around the
wheelchair. The dynamics of the wheelchair are simulated using values corresponding
to the average parametrization of a real-user wheelchair by occupational therapists:

e a maximum forward speed of 0.9m.s~ 1,

e a maximum forward acceleration of 2m.s™2,
e a maximum rotational speed of 1rad.s™!,

e a maximum rotational acceleration of 3 rad.s~2.

In order to reduce the computation cost of the algorithm, the estimation o, of
o, defined in equation (4.9) is obtained by computing the product of the mean value
weighted by the inverse of the measured distances so that

Zil 0;,—0;
N e S
0 =y (4.40)

X

j=i-1
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Figure 4.12 — Simulated algorithm

Figure 4.12 shows the whole algorithm used for simulation purposes. Distances to
virtual obstacles x; are computed from the map of the virtual environment and the pose
of the virtual wheelchair. Constraints are estimated using the inequality (4.31). From
the user joystick position, the user control input u,, of the wheelchair is estimated.
From u,, using equation (4.39), the quadratic minimization is performed leading to the
velocity ug,,¢ which is then applied to the wheelchair, 7.e.

Note that the map and the pose are used for simulation visualization purposes only.

Figure 4.13a shows the trajectory of the wheelchair during the simulation. Without
any map of the environment and without any correction from the user (only a constant
forward velocity is applied), the wheelchair moves smoothly around the obstacles and
follows the corridor.

As the simulated user joystick is set to input a constant forward velocity, the cost
function expressed by equation (4.33) used in the simulation tries to maximize the
forward velocity. Therefore, as shown on Figure 4.14, the chosen couple of forward and
rotational velocities is the one that maximizes the forward velocity and not the one
that is the closest in the sense of the Euclidean norm to the user input. As shown on
Figure 4.13b, when getting closer to an obstacle, the wheelchair slows down to provide
a comfortable and safe motion.

With a constant forward velocity input, the rotational velocity is also servoed to
avoid obstacles (Figure 4.13c). As the user only asks to move forward, the direction
chosen by the control law depends on the orientation of the wheelchair with regards to
the corridor and the obstacles.

We have then demonstrated the ability of the system to provide a smooth trajectory
correction while avoiding obstacles. In particular, the simulations validate the case when
the user input is kept constant.

4.5 Evaluation and validation with regular power wheelchair
users

As part of the Handiviz collaborative project, the semi-autonomous power wheelchair
driving assistance solution presented above was assessed during clinical trials within
the rehabilitation center Pole Saint Hélier. Until this study, this system has never been
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Figure 4.13 — Simulation results: (4.13b) and (4.13c¢) represent the corrected forward
velocity and rotational velocity with respect to the timeline of the obstacle avoidance

represented in (4.13a).
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Figure 4.14 — Example of allowed /forbidden areas during the simulation

assessed by regular wheelchair users.

One of the major challenges is that the driving assistance can preserve navigation
comfort for a good driving experience. The purpose of this study was the validation of
the proposed power wheelchair driving assistance system in terms of ease of use, safety,
and efficiency as well as driving comfort from the user point of view. In this section,
we present the study conducted within the Pole Saint Hélier with 23 regular wheelchair
users who were asked to drive the proposed smart wheelchair solution on two driving
circuits with and without assistance.

4.5.1 Study design

4.5.1.1 Primary objective

To compare regular wheelchair users’ driving performances on ecological vs obstacle
course between two conditions: driving assistance activated /deactivated.

4.5.1.2 Main assessed criteria

Circuit completion time and number of collisions on the circuits. A collision was defined
during the obstacle course by a displacement of a piece of cardboard, and as an impact
during the ecological course. Collisions were recorded by direct observation and circuit
completion time was manually measured.

4.5.1.3 Secondary objective

Assessing the regular users satisfaction with the proposed driving assistance system.

4.5.1.4 Secondary assessed criteria

User satisfaction was assessed through the 2.0 version of the ESAT (Evaluation de la
Satisfaction envers une Aide Technique) questionnaire. ESAT 2.0 is a french translation
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Age (years) 50.4 +/- 14
Sex ratio (F/M) 12/11

Height (cm) 165 +/- 12
Weight (cm) 73.9 +-20

Table 4.1 — Participants characteristics (Mean +/- Standard Deviation).

of the 2.0 version of the QUEST (Quebec User Evaluation of Satisfaction with assistive
Technology) questionnaire, a validated outcome measure of user satisfaction with an
assistive device. This questionnaire is composed of 12 satisfaction items split into 2
parts: 8 items assessing user satisfaction with the device and 4 items assessing user
satisfaction with the related services [DWLS00][DWLS02]. The ESAT questionnaire is
quick to complete and can then be used in research studies that require rapid acquisition
of satisfaction data. For the purpose of this study we used only the 8 items related to
the device with a specific analysis for each item.

4.5.1.5 Participants

The experimental study was approved by the local ethical committee of Rennes Uni-
versity Hospital (CHU Pontchaillou, Rennes). A total of 23 people volunteered to
participate to the assessment of the proposed power wheelchair driving assistance sys-
tem (participants characteristics are given in Table 4.1). Before being included in the
study, they were clearly informed about the purpose of the driving tests and gave their
written consent. Participants were older than 18 years old and regularly use a power
wheelchair. The trials were conducted with regular users in order to assess the technical
reliability of the proposed wheelchair driving assistance system.

4.5.2 Study conduct

Users were asked to drive our power wheelchair equipped with the proposed driving
assistance system on two circuits. Before performing the test on each circuit, users
transferred from their wheelchair to the smart power wheelchair and were then given 5
minutes to maneuver the wheelchair and get familiar with it.

4.5.2.1 Procedure

Two circuits have been defined for the trials.

Circuit 1: ecological circuit. An ecological circuit has been designed within the
corridors of the Rehabilitation Center Pole Saint Hélier. This circuit consists of static
and dynamic obstacles together with maneuvers in narrow spaces (turning around,
backward maneuvers) in order to approach situations that are typically encountered at
home (Figure 4.15).
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Figure 4.15 — Ecological circuit.

Circuit 2: driving circuit. An obstacle course made up of cardboard boxes has
been designed for this study (Figure 4.16).

Conditions All the participants performed the tests on the ecological circuit and then
on the obstacle course. This order allowed us to ensure that the participants were able
to drive the power wheelchair on an ecological situation before asking them to drive
the power wheelchair on the obstacle course which was much narrower and composed
of more difficult maneuvers.

All assessments were performed with and without the assistance activated. This was
conducted in single blind i.e. only experimenters were aware of the state of activation of
the power wheelchair driving assistance module. This single-blind method is necessary
to avoid a behavior bias for the participants. Indeed participants could be influenced
by knowing when the assistance is activated.

Instructions given to the participants For the driving circuit, participants were
given the following instruction: "perform the course as quickly as possible without
colliding with obstacles". Users received no further instructions except for global indi-
cations concerning the course, the trajectory was not imposed. In both cases, the course
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Figure 4.16 — Driving circuit.

was first demonstrated to the participants before starting the actual trial.

In order to prevent learning effect, the order of turn was counterbalanced (50% of
the participants have started with assistance activated and 50% have started without
assistance) for each circuit.

4.5.2.2 Practical setup

Our smart wheelchair prototype was based on a standard Luca power wheelchair from
the Sunrise company, equipped with its standard joystick from Penny & Giles company.
This wheelchair has been robotized with

e 9 HC-SR04 low-cost ultrasonic sensors (Figure 4.17) give measurement with a
refresh rate of 50 Hz. The 9-sensors arrangement corresponds to the one used
during simulations (section 4.4) and to the minimum configuration to cover the
area around the wheelchair except for the back of the wheelchair where a single
sensor is clearly not sufficient enough to cover the area behind the wheelchair and
thus prevent from all collisions risks while maneuvering backwards,. Indeed, the
HC-SR04 ultrasonic sensor used in practice has a total field of view of 307,
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Figure 4.17 — Ultrasonic sensors on the power wheelchair.

e a dedicated interface for clinicians (Figure 4.18). The activation of the algorithm
and experimental data recording were realized by means of an interface designed
in consultation with clinicians. This interface allows them to start/stop the trial
and to activate/deactivate the driving assistance module. As this interface is
positioned behind the wheelchair, the users are neither aware of the activation
nor the deactivation of the power wheelchair driving assistance system,

Interface
designed
for clinicians

driving assistance module
activation/deactivation
button

start stop
button button

Figure 4.18 — Dedicated interface for clinicians.

e an embedded Raspberry Pi 3 computer used to communicate with the sensor as
well as computing the assisted wheelchair control on-board.

As the algorithm is low complexity, all calculations can be performed during one
cycle of the CAN bus leading to a latency of 10ms or less. This amount of latency has
been shown to be undetectable by users.



Evaluation and validation with regular power wheelchair users 85

Completion time (s) Nb of collisions
No assistance 72,9 +/- 30.8 2.35 4 /- 2.50
Assistance 84.2 + /- 32.7 p = 0.0813 2.6 +/-2.1 p = 0.5344
First trial 08.3 +/- bdAd 25 +/- 2.1
Second trial 85.2 1 /- 41.1 02419 | 21 /-22 —0.1727

Table 4.2 — Obstacle course results (Mean + /- Standard Deviation).

For both circuits, wheelchair speed was set and locked a maximum speed of 0.6
m/s. The wheelchair velocity was deliberately limited to provide a single configuration
ensuring participants were performing the tests in the same conditions. Accelerations,
decelerations as well as driving assistance algorithm parameters were also the same for
all the participants for the same reasons. The activation rate of the wheelchair velocity
correction was also calculated for each course.

4.5.3 Results

Descriptive statistics are shown as mean + /- standard deviation (M + /- SD) for con-
tinuous variables and frequencies and percentages for categorical variables. Compar-
isons between quantitative data are obtained using the classically used non parametric
Wilcoxon test. p < 0.05 is considered statistically significant.

4.5.3.1 Driving circuit condition

No difference was observed between the two conditions, with even a slightly higher num-
ber of collisions with the assistance system activated on the obstacle course (Table 4.2).
On both courses, users needed more time to complete the course when the assistance
was activated but it was not statistically significant.

The assessment of the learning effect on the circuit obtained by comparing the
first and second trials, without considering the activation of assistance did not find
any statistically significant difference, although a decreasing trend in the number of
collisions was noticed as well as a decrease of the circuit completion time between the
first and the second trial.

4.5.3.2 Ecological circuit condition

The results found no statistically significant difference between trials with and without
assistance but with a trend towards a decrease of collisions with the assistance activated
(Table 4.3). Even if the number of collisions decreased by 50% between trials without
the assistance activated and trials with the assistance activated, this was not significant
because of a very small number of collisions.
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Completion time (s) Nb of collisions
No assistance 72,9 +/- 30.8 2.35 + /- 2.50
Assistance 84.2 + /- 32.7 p = 0.0813 2.6 +/-2.1 = 0.5344
First trial 98.3 /- 544 25 +/-2.1
Second trial 85.2 +/-41.1 p = 0.2419 2+/-22 = 0.1727

Table 4.3 — Ecological circuit results (Mean + /- Standard Deviation).

Without assistance | With assistance
Esat 1 Dimensions 3.87 +/- 1.10 3.900 +/- 1.12 p = 0.5640
Esat 2 Weight 4.26 +/- 0.86 4.260 +/- 0.81 p > 0.9990
Esat 3 Adjustments 4.26 +/- 0.75 4.300 +/- 0.76  p = 0.3282
Esat 4 Safety 4.00 +/- 0.95 4.300 +/- 0.70 p = 0.0845
Esat 5 Durability 422 +/-0.6 4.350 +/- 0.65 p = 0.0833
Esat 6 Ease of use 4.39 +/- 0.66 4.260 +/- 092 p = 0.1797
Esat 7 Comfort 4.00 +/- 1.13 4.040 +/- 1.15  p = 0.3282
Esat 8 Effectiveness 4.17 +/- 0.98 4130 +/- 0.92 p = 0.6547
Esat total 33.17 +/- 3.35 33.56 +/-3.49 p = 0.3091

Table 4.4 — ESAT results (Mean + /- Standard Deviation).

4.5.3.3 Subjective assessment

The results on the ESAT scale showed no statistically significant difference, whether
on the overall score or on sub scores (Table 4.4). However, safety item score seems to
improve with the activation of the power wheelchair driving assistance but results are
not statistically significant.

4.5.4 Discussion

The purpose of this study was the assessment of regular users’ driving performances
on two types of circuits with and without the driving assistance. At the same time,
it allowed us to assess the proposed smart wheelchair solution prototype’s ease of use
with regular users. This step was essential before considering tests with people who
unsafely drive a power wheelchair. Simpson emphasizes the importance of the assess-
ment of assistive devices by regular users, making the connection between their lack of
involvement in the evaluation process and the limited commercial availability of such
systems [SL02][Sim05]. Indeed, no driving assistance device for power wheelchair is
currently available on the European consumer market. The rare commercialization at-
tempts were not successful enough [CTCT02] [HWM13|. The assessment of the system
was performed with driving tests on an ecological course as well as on a rather difficult
obstacle course, more complex than the ecological course, but it did not turn out to be
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discriminant enough.

For ethical reasons, participants in this first study were regular wheelchair users
who are not a priori the targets for a power wheelchair driving assistance system. This
could explain, the rather high rate of collisions on the obstacle course because some
users wanted to perform the best time, and on the other hand, the low rate of collisions
for the ecological course because users are accustomed to this type of situation. On the
ecological course, results show a slight trend towards a decreasing number of collisions
between trials without assistance and with the assistance activated. However, even
though the number of collisions decreased by 50% with the assistance activated, this
remains statistically not significant probably due to a small number of collisions. On
the obstacle course, there was no decrease of the number of collisions between trials
without assistance and trials with assistance as we would have expected. Most of the
collisions happened with participants’ feet or elbows.

Collisions which occurred will allow us to improve the proposed power wheelchair
driving assistance system in terms of obstacle detection. The trials on the obstacle
course put our system to the test. In particular, collisions which occurred with as-
sistance have shown some shortcomings of the sensors coverage. Hence, the results
obtained during these tests highlighted the need of a better sensor positioning on power
wheelchairs. Achieving this will improve the system efficiency in difficult maneuvers
and narrow spaces.

As for the power wheelchair driving assistance system reliability, no failure was no-
ticed during the tests on the two courses. One of the major concerns was particularly
whether the assistance system could disrupt the driving by inducing stops and speed re-
ductions due to the sinuosity of the course causing an alteration of the power wheelchair
ease of use. It seems that the power wheelchair driving assistance system activation did
not alter the driving comfort of the participants with no statistically significant differ-
ence on the ESAT results. Thus, these regular wheelchair users were equally satisfied
with the driving experience they had with and without the power wheelchair driving
assistance system activated.

This study also leads us to consider creating an obstacle course which will contain
more difficult maneuvers in order to provide a more discriminant reliability assessment
for the power wheelchair driving assistance system. As the system did not show failure
except for sensor coverage, once sensor positioning will be improved, we will be able
to consider performing similar assessments with people who experience difficulties to
drive a power wheelchair safely i.e. without risk of injury for them or others. Such
a study will have the purpose to assess the impact of the proposed power wheelchair
driving assistance system on their ability to navigate with a power wheelchair. From a
methodological point of view the learning effect on the courses must also be taken into
account, although there was no statistically significant difference, the results tend to
improve at the second attempt. This must be underlined for future driving assistance
systems assessment studies.

Finally, these tests have emphasized the importance of the involvement of end-users
in the assessment process of a driving assistance system. Indeed, by including users
into the process, we will be able to reach the next level after laboratory assessment and
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therefore to ease the technological transfer [Sim05]. This requires close collaboration
between research laboratories and medical teams specialized in Physical and Rehabili-
tation Medicine.

4.6 Conclusion

The proposed shared control navigation assistance solution consists of a sensor-based
method relying on no map and providing reactive obstacle avoidance. The proposed so-
lution was validated in terms of reliability, safety and ease of use with regular wheelchair
users. This system provides adaptive assistance in the form of trajectory correction
while encountering hazardous situations with a power wheelchair. The driving tests
performed with and without assistance on an ecological course as well as on an obstacle
course showed that the provided trajectory correction solution is smooth and intuitive
enough so that regular users perception is not altered. No driving disruption has been
observed even when users made high driving assistance demands because of their haz-
ardous wheelchair steering. The ESAT scores show a high level of satisfaction with the
use of the system. Although there was no significant decrease of the number of colli-
sions, we noticed an increase of the ESAT safety item score. Concerning the design of
the power wheelchair driving assistance system, sensor positioning can be improved in
order to cover a wider area around the wheelchair for more efficient obstacle detection.

Testing the proposed navigation assistance method with regular users was very help-
ful to get feedback on the technical solution itself. Trials with regular users brought
very positive and encouraging feedback about the driving assistance itself. However,
many participants criticized the solution as not being able to provide assistance while
driving in urban environment. Indeed, many participants asked for assistance with
respect to curbsides or steps, emphasizing that these obstacles were particularly dan-
gerous and that assistance was much needed to avoid wheelchair tipping and falling. In
the following chapter, we then present the part of this thesis work addressing navigation
assistance with respect to "negative" obstacles in order to provide more autonomy and
thus more independence while navigating outdoor.



Chapter 5

Navigation assistance for outdoor
power wheelchair

This chapter proposes a framework for wheelchair navigation assistance in outdoor
environments. Two velocity controller designs based on sensor-based servoing methods
are proposed. In both methods, assistance is semi-autonomously provided to the user
while driving a power wheelchair. The proposed driving assistance methods consist of
applying progressive wheelchair velocity adaptation while avoiding "negative" obstacles
(i.e. which level is lower than the floor level). Indeed, accidents involving tipping or
falling situations can occur while negotiating high curbsides, highly inclined slope, step,
etc. Practically, this shared control paradigm consists in using distances measured from
sensors oriented towards the floor to compute a wheelchair control input which respects
as much as possible user input (i.e. intention) while correcting trajectory.

The first part of the content of this chapter has been presented at the HANDICAP
Conference [C.7] and published in the AMSE Journal in 2018 [J.1]. More recent works
presented in the second part of this chapter has been submitted to ICRA 2019 and is
under review [DPBC19).
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5.1 Introduction

5.1.1 Context and motivations

Driving a power wheelchair safely is a daily challenge particularly in urban environments
while navigating on sidewalks, negotiating curbs or dealing with uneven grounds. Dif-
ferences of elevation are part of the most challenging environmental barriers to negotiate
when driving a wheelchair [Salll|[EM10|]|[AKAMP13|. Tipping and falling constitute
the most common power whelchair accidents. Indeed, a case-control study including 95
wheelchair users assessing accident mechanisms and consequences over a 3-year period
identified that among the 3 categories of wheelchair-related accidents, 87.7% were tips
and falls [CJW™T11]. In particular, many of the accidents occur outdoors or on ramps
[KASB194].

When interviewing regular users, one of the most frequently cited accident risk
factors is uneven or sloping terrain [ROS15]. In some cases, it has been highlited that
such accidents can have serious consequences including traumatic brain injury or spinal
cord injury [OGRO09].

In addition, the risk of accidents due to differences of elevation is strongly increased
when the wheelchair user has cognitive and/or visual impairment. The risk of injury
for such an individual having difficulty to safely operate a power wheelchair is generally
a sufficient reason to prohibit its prescription and use.

Yet, recent studies highlight the benefits of power mobility in the case of outdoor
activities [LPIB12| [SW14]. It is reported that power mobility can improve the user
self-esteem and sense of independence as it allows them to go outdoors more easily and
to have the opportunity to socialize and enjoy daily activities such as shopping.

5.1.2 How to lessen power mobility issues, especially outdoors ?

Mobility issues experienced by people with disability involve interaction issues with the
external environment. One way to lessen these mobility issues is to directly apply mod-
ifications to the external environment. These modifications can consist of providing
additional assistive devices or physical structures alterations [CG97|. One intuitive way
to improve the Quality of Experience (QoE) of people with disabilities experiencing
difficulties to navigate safely is to modify and adapt the physical environment hus less-
ening accessibility issues, especially at home or within specialized care facilities [Git15].
In the case of wheelchair navigation, environmental modifications by means of the re-
duction of physical barriers can also greatly help wheelchair users to benefit from a more
secure driving experience [Eva09]. However, such environmental modifications can show
limits at an individual level as several individuals experience different navigation issues
in the same environment. In other words, some elements considered as barriers for
some people will not impact other ones or will be considered as facilitators for some
others. For example, curb cuts without textured paving are considered as facilitators
by power wheelchair users but are considered as a barrier by blind people [0OT05|. In
France, the accessibility issue was addressed with the 1975 handicap law establishing
the obligation of accessibility of all new built housing. Then, the "handicap" law voted
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in 2005 aimed to apply this law by creating standards and requiring public places and
public transports to be accessible to people with disability by the 1st of January 2015.
However, only 30% of establishments out of 1 million were accessible by this deadline.
Therefore, the law of 5th August 2015 introduced new deadlines: from 3 years (for
establishments that can accommodate up to 200 people such as convenience stores or
medical practices) to 6 years, or even 9 years for larger establishments or rail transport.
More recently, the ELAN law voted in June 2018 the reduction from 100% to 10% of
new housing that must comply with accessibility standards.

The case of France is an example of the difficulty of applying such environmental
changes at the national level. The main reason given for the failure of policies to imple-
ment such standards everywhere is budgetary consideration (e.g. the cost of adaptation
or construction or the higher selling price for the same built surface). In this context,
the emergence of a completely "barrier-free" environment is impossible in France and
that an environment with reduced barriers may still take several years to emerge.

It is then our challenge to design assistive solutions for power wheelchair navigation
in all types of environments, allowing users to drive safely even if the environment
is not barrier-free. Such a navigation assistance system is expected to detect both
"positive" and "negative" obstacles in order to provide respectively collision avoidance
and assistance while negotiating differences of elevation.

5.1.3 Related works

While lots of works have been accomplished in the last 20 years on smart power
wheelchairs navigation assistance in an environment with "positive" obstacles, signifi-
cantly less research has been conducted on detecting "negative" obstacles and developing
navigation assistance on non-planar surfaces.

In the early 2000’s, a prototype has been developed within the Smart Wheelchair
Component System project (SWCS) using infrared sensors to stop the wheelchair when
detecting a drop-off under the wheelchair footrests [HLST03][SLHT04]. Although these
results were published 15 years ago, there is, to the best of our knowledge, still no
system available on the market with this technology.

As part of the UT Intelligent Wheelchair Project taking place within the University
of Texas at Austin, a robotic power wheelchair equipped with a stereo vision-based
system reconstituting a model of the wheelchair 3D local surround has been prototyped
to provide assistance while driving with respect to "positive" as well as "negative"
obstacles [MKO09|. Although this prototype handles non-planar situations, it achieves
only autonomous navigation by means of motion planning and requires sensors such as
LIDARs and/or stereoscopic cameras. However, these devices have been shown to not
meet smart power wheelchair requirements (section 2.3). Moreover, the plug-and-play
and form-factor requirements are not taken into consideration as the prototype is a
non-commercially 5-wheeled mobile base with a wheelchair seat attached to its frame.
To the best of our knowledge, no development has continued beyond this study. Finally,
no technological transfer from the laboratory to the industry has been made.

In 2007, a detection algorithm relying on depth information using stereo vision able
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to find obstacle edges has been published [CS07|. However, while some efforts have been
made in order to detect drop-offs using a robotized power wheelchair, no control law is
given in order to assist the user while driving.

More recently, a research team initially working on feedback canes systems for peo-
ple with Cerebral Palsy (CP) decided to investigate smart wheelchair solutions. The
emerging system is a semi-autonomous power wheelchair taking into account "positive"
obstacles in the environment as well as "negative" obstacles such as steps [FJJ*18].
The implemented method uses a self made multibeam laser telemetry sensor attached
to the wheelchair armrest and oriented toward the floor. When this sensor detects an
ascending or descending stair, the wheelchair speed progressively decreases until the
wheelchair stops and stays stationary. Although the used sensor is able to perform
more robust detection than cheap ultrasonic sensors or classical infrared sensors, there
is no shared control law allowing the user to continue navigating nor feedback to the
user, the wheelchair only stops while detecting is a step.

To sum up, there still exists no assistive solution allowing safe trajectories in an envi-
ronment consisting of negative obstacles. Particularly there exists no semi-autonomous
solution taking user intention into account. Indeed, existing solutions ensure at best
that the wheelchair stops when detecting such an obstacle.

5.1.4 Objective

When testing the solution for driving assistance within indoor environment presented
in chapter 4, many participants were asking for assistance with respect to curbsides or
steps, emphasizing that these obstacles were particularly dangerous and that assistance
was much needed to avoid wheelchair tipping and falling.

In this work, the proposed solution consists of a similar shared-control approach
to the one presented in section 4.1. Here, instead of avoiding walls and obstacles, the
proposed solutions aim to assist the user while navigating in an environment with "neg-
ative" obstacles. To this end, the same mathematical method is used for wheelchair
velocity regulation but with a different obstacle detection method. Thanks to this
innovative detection method, the proposed solutions not only corrects the wheelchair
trajectory while approaching a drop-off but also provides assistance on progressive dif-
ferences of elevation such as accessible slopes. Indeed, while the former is a barrier
representing a danger of tipping or falling, the latter is a facilitator helping wheelchair
user to get on or get off a different floor elevation. Thus, in order to be compliant
with end-user daily needs in terms of navigation, such an assistance system preventing
tipping or falling while approaching drop-offs must also facilitate maneuvers on slopes.

To provide such an assistance, the detection of differences of elevation is here
achieved by means of distance sensors mounted all around the wheelchair. Hence, floor
orientations from local areas covered by distance sensors are selected as features. In this
framework, the velocity regulation applied to the wheelchair depends on the steepness
of the detected slope.

As in section 4.1, this sensor-based control approach takes into account the human-
in-the loop factor through a shared control framework that fuses the velocity commands
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of the control law and the user input.

5.2 Methods

The outdoor navigation assistance solution presented in this section mainly differs from
the indoor navigation assistance method presented in section 4.1 in how the relevant
information is detected. While the indoor navigation assistance required detection of
obstacles in a 2D horizontal space parallel to the motion of the wheelchair, the proposed
outdoor navigation assistance method needs "negative" obstacle detection.

5.2.1 How to detect relevant information ?

Information about surrounding floor elevations can be detected by using different exte-
roceptive sensors such as stereovision cameras laser rangefinders, etc. While expecting a
reactive behavior of the power wheelchair with respect to such obstacles, changes of el-
evation can be measured by simple distance detection around the wheelchair. Referring
to smart wheelchair solutions development requirements (section 2.3), the used dis-
tance sensors are expected to be cost efficient and with small dimensions and low-power
consumption. In section 4.1, ultrasonic sensors were used to detect distances to the
obstacles as such sensors fit all these requirements. While the proposed shared control
method was validated using this type of sensor, the physical properties of ultrasound
reflection on plane surfaces makes this type of sensor unsuitable for reliable elevation
detection. Indeed, such sensors would have to be positioned with an incidence angle
on the wheelchair and would not receive enough echoes to correctly detect the negative
obstacles. Another low-cost, low-power and small dimension constraint distance sensor
is the infrared sensor. Up to now, infrared sensor have been restricted to short dis-
tances detection thus restricting their use for assisted navigation. However, the recent
new generation of infrared sensors detection characteristics (e.g. multi-zone detection,
Time-of-Flight technology) brings new perspectives in the robotics field (section 2.2.1).

5.2.2 Modeling

In this chapter, we will present 2 methods which have been developed to provide reactive
shared-control wheelchair navigation assistance in an environment consisting of negative
obstacles. For both methods, distance sensors are attached to the wheelchair with the
configuration shown on Figure 5.1a. As shown on this figure,

o let Fr(R, Xr, Ya, Z_}%) be the frame attached to the robotic wheelchair,
o let Fs, (S;, Xi, }7;, Z_;) be the frame attached to the sensor s;,

e let a; and b; be the distances from the robot frame to the sensor frame respectively
along the robot X,-axis and Y,-axis.

e let 0; be the orientation of the sensor s; around the robot frame Z,-axis,
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let ¢; be the orientation of the sensor s; with respect to the robot X,.Y,. plane,

let d; be the distance measured by the sensor s;,

e let u = (v,w) be the 2-DoF control input of the wheelchair,

let v, be the velocity of the sensor s;,
Zi,
Si
Xi
di-

(a) Sensor arrangement on the (b) Details for one sen-  (c¢) Details for one sensor s; (right
wheelchair (top view). sor s; (top view). view).

Figure 5.1 — Wheelchair modeling and sensor arrangement.

For both methods 12 sensors are attached to the power wheelchair frame with an
orientation of an angle ¢; (Figure 5.1¢) with respect to the robot X, Y, plane. This way,
distance sensors are oriented towards the floor.

Each sensor s; is rigidly fixed to the robot frame so that the translation vector "ts,
between Fj, and Fp is such that

a;
"ty = | b . (5.1)
0

5.3 Curbside avoidance method

This section present a first outdoor assisted navigation method. The proposed method
has been designed and tested on a real wheelchair in order to provide a proof-of-concept.

5.3.1 Method

The purpose of this first proof-of-concept is to deduce a distance from the sensor s; to
a detected "negative" obstacle in the horizontal plane. To do so, we propose to use a
virtual sensor s; located at the same location as s; with a; = a;, b; = b;, 9;- = 0;, and
¢; = 0.The distance d; measured to the floor by each sensor s; is used to estimate a
distance x; from a virtual sensor s; to a virtual "positive" obstacle in the horizontal
plane as shown on Figure 5.2.

As shown on Figure 5.2b,
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(b -

di di

L

(b) Negative obstacle position represented
by a virtual "positive" obstacle .

(a) Sensor s; measuring distance to the
floor in the case of a negative obstacle.

Figure 5.2 — Detection of obstacles. From a "negative" obstacle in the vertical plane to
a "positive" obstacle in the horizontal plane

o let FS{(S;, XZ, }7;-', Z;,) be the frame attached to the virtual sensor s;,

e let 2, be the distance to the virtual "positive" obstacle along the sensor s; z-axis
(i.e. the distance to the virtual "positive" obstacle in the horizontal plane),

Moreover, let "t s be the translation vector between F and Fp such that

7 7

(L; a;
ty= b = |bi (5.2)
0 0

The rotation matrix *iR, relative to the sensor s; frame F_ with respect to the

robot frame Fp is such that

) { cosf; sinf; 0O
%R, = |—sinf; cosf; O0f. (5.3)
| o 0 1

The translation ®it, between the robot Fr frame and the sensor s; frame ]-"S( is

7

obtained from %R, with

/

sitr = SiRr Ttsl. . (54)

From %R, and ®it,., the velocity screw transformation matrix defined in equation
(2.5) is given by

(5.5)

W, = r"Rr [Sitr]xs"RT] .

7
03x3 iR,
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with [ ]« being the skew matrix expression.
The velocity v of the sensor s; in the sensor frame F is derived from the robot

k3

2-DoF control inpu% u in the robot frame using

v, ="*Tu, (5.6)

i

with

’

ST, = %W, J,, (5.7)

where "J, is the robot jacobian defined in equation (2.7).
As shown in Figure 5.3,

e let hy, be the sensor s; height from ground,
e let h;, be the height of the negative obstacle,
e let h;, be the height of the positive obstacle,

let H;, = hg, + h;, be the sensor s; height from negative obstacle level,

let H;, = hs; — h;, be the sensor s; height from positive obstacle level.

i

» S’\ Il
{7 Xi

Z
Xi

Zi
S, S,
/d)‘
Xi
S llﬁ\

.

(a) No obstacle detected  (b) Positive obstacle detection Efc))n Negative obstacle - detec-

Figure 5.3 — Negative obstacle detection.

In order to compute the distance x; from the distance d; measured by the sensor
si, thresholds are defined on the value of d;, namely d;, and d;, being respectively
the maximum distance to a positive obstacle and the minimum distance to a negative
obstacle. This way, we can consider that there is no obstacle to detect as long as the
distance d; measured by the sensor s; is such that d;, < d; < d;,. Then, detection is
such that we can distinguish 3 cases:

Case 1 When d;, < d; < d;,, the distance to the obstacle is defined as x; = x,, where
Ty 1s the maximum distance a sensor can measure.
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Case 2 h;, is defined as the minimum height of a positive obstacle we observe. Then
we detect a positive obstacle when

i< dp = MMy i (5.8)
P cos(oy) cos(¢;)’
leading to define the distance to the obstacle as
x; = d; cos(¢;). (5.9)

Case 3 h;, is defined as the minimum height of a negative obstacle we observe, then
we detect a negative obstacle when

_hg,+hi,  H;

di > d;, = = , 5.10
> Gin cos(¢i) cos(¢;) (5.10)
leading to define the distance to the obstacle as

z; = hs, cos(¢;). (5.11)

It is to be noted that the definition of thresholds required by this method necessitates
an extrinsic calibration of the sensors as sensor position information is used in our
calculations.

This first method aims to compute distances to negative obstacle the same way
distances to "positive" obstacles were computed in the work presented in chapter 4.

5.3.2 Control method

A virtual sensor S;- detects a virtual "positive" obstacle in the frame . This config-
uration is identical to the framework presented in section 4.1, thereforé, the velocity
controller is very similar. The shared control task is designed to exponentially decrease
the error ey by means of a velocity controller. Here, we use the same velocity controller,
i.€.

i > —de (5.12)

!
5

where ey = x; - x;* the difference between the estimated distance to the obstacle x; its

k3

desired value x;* and A € R™ is a gain.

N ! .
As @; =L/ %'T, u, we obtain
T

Lx;SiTru > —)\682. (5.13)

The interaction matrix has the same expression as the one given in equation (4.13),
1.€.
L,=[-1 000 0 0]. (5.14)

Z;
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Moreover, considering

[ cos9; b; cos; — a; sinf; |
—sin#; —a;cosf; — b;sinb;
’ / 0 0
5T, =%W,"J, = 0 0 (5.15)
0 0
0 1 |
i.€.
Jsf_u > —/\es(, (5.16)

where J ; = L/ %'T, the sensor s; jacobian introduced in equation (2.10).

The system (5.16) is a linear equation system which can admit an infinity of solutions
in the form of a 2D half-plane in the wheelchair velocity domain. Indeed, since J €

7

R™2 and u = [v w]”, we can rewrite inequation (5.16) as

v w
aU + Js;w > —)\68/1_ (5.17)
T
with J;’, € R and J;’i € R such that JS{ = [J;’, J:i} .

Therefore, the computation of the desired velocity input ug,,q consists of the follow-
ing optimization problem

Ugppd = min f (uep, u)
u (5.18)
Au>B
Ay JSE) By _)\656
_ Ay J. By —Xe.s
with A = ) = 8 and B = . _ s
An-1 Ja By —Aey

with N the number of sensors, i € 0,..., N — 1, Js; = L;;,_S;TT the sensor s; the
Jacobian introduced in equation (2.10), and A € Rt a gain. Z

As shown in section 4.1, shared control takes the form of the minimization of a cost
function f under the inequality constraints Au > B in the form of a weighted euclidean
norm corresponding to the minimization of the euclidean distance between the input u
and the user input u,, such that

[ (ugp,u) = (v — Uop)2 + B(w — wop)2 (5.19)

where o > 0 and 5 > 0.
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5.3.3 Simulations

In order to validate the framework formulated above, we here present a simulation trial.
The aim of this simulation is to assess the ability of the power wheelchair to correct its
trajectory along a curb edge while user translational and rotational velocity inputs are
set at their maximum values thus directing the wheelchair towards the curb edge.

5.3.3.1 Simulation framework

The simulation was run with the driving simulator presented in chapter 3. The virtual
wheelchair (Figure 5.5b) is here equipped with 4 detection modules consisting of 3
distance sensors each, located at each corner of the virtual wheelchair (Figure 5.5a).
The virtual environment shown on Figure 5.4 consists of a L-shaped 15 cm height, 1.2
m wide and 5 m long sidewalk with a right turn at its end. The velocity parameters
of the wheelchair are chosen with respect to typical commercially-available wheelchair
velocity parameters. Then, the maximum forward speed is set to 0.5m.s~! and the
maximum rotational speed is set to 0.5 rad.s™!.

Figure 5.4 — Virtual environment for the simulation.

The virtual power wheelchair actuation is implemented using the generic ROS frame-
work presented in chapter 3.

5.3.3.2 Simulation results

The virtual wheelchair starts from the position shown on Figure 5.6a i.e. at the begin-
ning of the sidewalk and parallel to the curb. The user’s linear and angular inputs are
constant and equal to the maximum speed of the wheelchair. This leads the wheelchair
to go forward and turn right at maximum speed.

At the beginning, no negative obstacle is detected thus the wheelchair is going
towards the curb. Then, when the curb is detected, the linear velocity progressively
decreases and the rotational velocity is modified in order to follow the curb. When
the wheelchair drives parallel to the curb, the linear velocity increases as there is no
danger to fall from the curb. The rotational velocity is maintained to zero as long as
the wheelchair is detecting the curb on its right. Then, when the wheelchair arrives at
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Detection
modules

EDetection module (b) Virtual wheelchair.

(a) Sensor arrangement.

Figure 5.5 — Wheelchair setup for the simulation.

the point where there is 90° turn to the right, it turns right and stops when it detects
the drop-off at the end of the sidewalk in front of it.

5.4 Experiment

In the context of the Inria Associate Team ISIANAVE (https://team.inria.fr/isidnave).
I was invited twice to spend 2 months in the UCL Aspire CREATe laboratory to
perform tests on their wheelchair in the UCL PAMELA experimental environment
(https://www.ucl.ac.uk/transport-institute/lab/PAMELA).

5.4.1 Experimental setup

The proposed solution was tested on a commercially available Typhoon II power wheelchair
from Invacare. We had previously modified Invacare’s DX controller to intercept the
user input and adjust the control signals before sending them to the motors, allowing
us to implement and test various shared control algorithms on the platform [ETD*17].
The algorithm itself runs on an embedded Beagle-Bone Black (AM335x 1GHz ARM
Cortex-A8 processor) running ROS on Linux. For this experiment, the wheelchair lin-
ear and angular velocities were restricted to 0.5 m/s and 0.5 rad/s respectively.

For the detection, we used Time-of-Flight (ToF) VL53L0X laser-ranging sensors
from STMicroelectronics. Unlike conventional infrared sensors, these sensors are low-
cost and provide accurate distance measurement whatever the target reflectance. It
can measure absolute distances up to 2 meters with a field of view of 25 degrees. The
Beagle-Bone board uses an 12C bus for sensor control and data transfer.

The presented method necessitates an extrinsic calibration of the sensors as we use
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Figure 5.6 — Simulation results: (a) represents the trajectory of the virtual wheelchair
in the simulated environment which we recorded for visualization purpose only. The
rectangles represent the wheelchair at the beginning (green) and at the end (red) of the
simulation. (b) represents the corrected forward and rotational velocities during the
simulation.

the sensor position information in our distance calculations. Here, we rigidly attached
the detection modules to the wheelchair frame thus ensuring a fixed position of the
Sensors.

The power wheelchair actuation is implemented using the generic ROS framework
presented in chapter 3 adapted to the control of real power wheelchair prototype. The
adapted framework is presented in Figure 5.8. The proposed framework is composed of
the following 3 ROS nodes, namely:

e Sensor ROS node. This node replaces the Display ROS node used for simulations.
This node manages sensor measurements.

e Control ROS node. This node manages the computation of the velocity control
input to be applied to the wheelchair.

e Controller ROS node. This ROS node manages input controller data collection,
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ToF
infrared
SENSOrs

Figure 5.7 — (a) Power wheelchair equipped with detection module prototypes. (b)
Detection module prototype (bottom view). Each detection module is composed of 3
ToF' sensor boards inclined at 45 degrees to the vertical.

here the standard wheelchair joystick commands. In addition to the framework
presented in simulation, this node also manages direct control of the wheelchair
by sending the computed shared control output to the wheelchair power module.

5.4.2 Experiment environment

We tested our solution in UCL’s Pedestrian Accessibility Mobility and Environment
Laboratory (PAMELA), which is a modular platform consisting of 36 modules that can
be adjusted to simulate different street environments. For our work, we arranged the
modules in order to simulate a 1.2 m wide, 8 m long and 15 cm height sidewalk (Figure
5.9).

5.4.3 Experiment results

An example of results obtained from a trial on the sidewalk within the PAMELA facility
is shown on Figure 5.10. For each trial, we used the same initial conditions as during the
simulations: the wheelchair starts parallel to the curb at the beginning of the sidewalk.

As shown on Figure 5.10, the wheelchair starts to drive towards the curb as there
is no drop-off detected i.e. no constraint deduced from the sensors. While no drop off
is detected, the wheelchair linear and rotational velocities are at maximum values i.e.
control inputs are directly applied to the wheelchair. Then, when a drop-off is detected,
the linear velocity decreases in order to avoid falling down the curb and the rotational
velocity is modified to achieve a rotation placing the wheelchair parallel to the curb.
When the wheelchair is parallel to the curb, the linear velocity increases as there is no
risk of falling down a curb in the forward direction.
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Figure 5.8 — Generic ROS framework adapted to the control of the real power wheelchair.

The experiment we performed within the PAMELA facility allowed us to assess the
performances of our solution for assisted power wheelchair navigation on a sidewalk
while embedded on a real wheelchair. We were able to validate our detection method
and to avoid from falling down a curb while driving. These results bring a proof of
concept of our assistive solution for power wheelchair navigation on a sidewalk.

5.4.4 Conclusion

This method allows the wheelchair to progressively correct the trajectory of the wheelchair
in an environment consisting of "negative" obstacles. By using low-cost sensors attached
to the power wheelchair frame with an orientation towards the floor, we are able to mea-
sure a distance from each distance sensor s; to the floor. By defining thresholds on the
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Figure 5.9 — Experiment environment on the PAMELA platform.

measured distances to the floor, we can determine if the wheelchair detects a "negative"
or a "positive" obstacle and if the obstacle is crossable or not, depending on its height
(i.e. between the 2 threshold values). These vertical obstacles are virtually considered
as positive obstacles which would be detected by the same sensor attached at the same
location but with no orientation towards the floor. A distance :z:; from the wheelchair
to the virtual corresponding "positive" obstacle in the horizontal plane is then deduced
from the measurement d; of the s; sensor. Therefore, the control framework is similar
to the method of navigation assistance presented in section 4.1. Then, as shown in
simulation and in real tests, the wheelchair behaves the same way it would behave in an
indoor environment with respect to a close obstacle. Indeed, when the regulation of the
wheelchair control input is applied while detecting a drop-off, the wheelchair velocity is
regulated the same way it would be regulated if detecting a "positive" obstacle at the
same distance in an indoor environment.

This method thus allows "negative" obstacles avoidance by means of trajectory
correction achieved by control input regulation. Indeed, when a "positive" or "nega-
tive" difference of elevation is detected and identified as greater than a pre-determined
threshold, the wheelchair control input is regulated with the aim to avoid the detected
obstacle. If the difference of elevation is lower than a pre-determined threshold, the
user keeps full control of the vehicle.

5.5 Outdoor navigation assistance method

The first method presented in section 5.3 is a direct application of the mathematical
principle presented in chapter 4 applied to the outdoor navigation task. This first proof
method provided a validation of the proposed detection framework both in simulation
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Figure 5.10 — Experiment results: (a) linear user input (blue) and shared control out-
put (red) velocities (b) rotational user input (blue) and shared control output (red)
velocities.

and real tests. Based on these results, we can confidently rely on the technical choices
made in terms of hardware and shared control method to design a more elaborated
prototype. Indeed, this navigation assistance method in an environment consisting
of "negative" obstacles can be improved by directly incorporating the differences of
elevations into the interaction matrix: the idea is then to take into account the local
floor orientations measured by multi-zone distance sensors. Therefore, there is no need
of using thresholds to determine the crossability of a negative obstacle.

5.5.1 Modeling

The rotation matrix *’R, relative to sensor s; frame Fg, with respect to the robot frame
Fr is given by

R, = "R, (¢;) "Ry (6;) (5.20)
with
cosgp; 0 —sing; cosf; sind; O
Ry () = 0 1 0 and R, (0;) = | —sin6; cosh; 0 (5.21)
sing; 0 cos¢; 0 0 1

The translation *t, between the robot Fpr frame and the sensor s; frame Fj, is
obtained from %R, with
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Sit, = %R, "ts,. (5.22)

From %R, and *it,, the velocity screw transformation matrix defined in equation
(2.5) is given by
5 RT [Sit’r] X 5 R'f’

W, =
’]" - .
03x3 *R,

(5.23)
with [ |« being the skew matrix expression.

The velocity v, of the sensor s; in the sensor frame Fj, is derived from the robot
2-DoF control input u in the robot frame using

v, = *'T,u, (5.24)

with
ST, =%W,"J,, (5.25)

where "J, is the robot jacobian defined in equation (2.7).

5.5.2 Detection method and features extraction

In this method, we want to extract relevant information from each sensor distance
measurement. Multi-zone distance sensors such as VL53L1 infrared sensors (section
2.2.1) are able to measure multiple distances within different regions of interest. It is
therefore possible to estimate local floor orientations for each sensor and by extension
changes of elevations. This leads to the definition of two features in the form of angles
characterizing the orientation of the detected floor area. As shown on Figure 5.11, let
(0ug;, oy,) be the set of angles defining the orientation of the floor with respect to the
wheelchair O XY, plane with o, and «a,, being defined respectively around the sensor
s; X;-axis and Y;-axis.

Ulyi Olxi

(a) Definition of a,. (b) Definition of «,,.

Figure 5.11 — Definition of a,, and ay,.
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5.5.3 Velocity regulation controller design

In this part, we present a sensor-based semi-autonomous wheelchair velocity regulation
method. The idea is to progressively adapt the wheelchair control input to avoid haz-
ardous situations caused by "negative" obstacles. To do so, we define the error ey, for
each sensor s; such that e;, = d; — di where d;,d; € R* are respectively the distance
measured by a sensor s; to the floor and a configurable fixed value corresponding to the
maximum allowed distance from the sensor s; to the floor.

5.5.3.1 Interaction matrix computation

With the 2 features o, and «,, determined during the feature extraction process (sec-
tion 5.5.2), we can design a dedicated control law that regulates the error ey, by taking
into account local floor area orientation into each sensor s; interaction matrix.

For the present case, the interaction matrix Ly, which theoretical formulation is
such that

. tan g, 1 d; tan(ag, )
L= -1 5% oolay 0 oty 4], (5.26)

5.5.3.2 Shared control method

The objective is to regulate the wheelchair velocity control input to avoid hazardous
situations involving "negative" obstacles when needed while still allowing full control
to the user when there is no "negative" obstacle close to the wheelchair. The proposed
method consists in gradually activating the regulation of each distance sensor s; feature
d; to a desired value d} corresponding to the distance measured when no "negative"
obstacle is detected. This is achieved by using a safe interval [dff , dfﬂ that we define
to trigger the sensor-based servoing when the distance d; leaves this interval. This
hybrid control law method has been introduced in [KC11] and applied to wheelchair
navigation in [PKB14| within a wall avoidance task. The idea here is to adapt this
framework to our semi-autonomous navigation task in an environment consisting of
"negative" obstacles.

The proposed sensor-based control law aims to keep the distance feature d; within
the interval [df_ , dfﬂ

with Ly, € RY¥C the interaction matrix introduced in [ECR92| and hy, € R a varying
weight associated to the distance feature d;. The weight hg, associated to d; is such
that hg, € [0, 1]. A null weight leads to no regulation of the error e; = d; — d} by
the sensor-based servoing. Therefore, the term hy, allows to activate or deactivate the
control law when desired. In order to gradually activate the control law when the feature
d; is leaving the safe interval [dff , dfﬂ, we propose here to define the weight hg, by
the following smooth function
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di — df+ irogs+ +
1 — cos WW /2lfdZ <x<d2
0 ifdi” <z <dit
ha,(d;) = & a- (5.28)
(1 — cos (771’8_)) /2ifd; <z <d]”
d; —d;
L 1 otherwise

where [d; ) dﬂ D [dff, dfﬂ is a tolerated interval whose fixed limits represent the
distance values corresponding to distances measured to obstacles the wheelchair should
avoid. The evolution of the weighting term hg, is given in Figure 5.12.

Feature value d;

Figure 5.12 — Weighting function hg4, defined for feature d;. The weight is null in the
safe interval and smoothly increases up to 1 in the tolerated intervals [d;, dff] and

[di", df].
For each sensor s;, we have the formulation
d; > —es,, (5.29)
where \ € RT* is a gain.
This way, d; is constrained by a minimum value —Aes;. When considering the

relationship d; = Lg,*T,u between the 2 DoF wheelchair control input u and the
variation d; of the distance d; measured by the sensor s;, we obtain

ha,La,* Tyu > —Aeg, (5.30)

i.e.
Js,u> —des,, (5.31)

where J,, = hg,Lg,**'T; is the sensor s; Jacobian.
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5.5.4 Simulations

In this section, simulations results are presented. The proposed simulations were per-
formed as a first step to develop the proposed solution of power wheelchair navigation
assistance on a sidewalk.

5.5.4.1 Simulation framework

The virtual wheelchair (Figure 5.5b) is here equipped with a total of 12 distance sensors
divided into 4 detection modules placed at each corner of the virtual wheelchair (Figure
5.5a). The virtual environment is displayed on a computer screen as it is only used
to demonstrate the properties of the proposed solution for assisted power wheelchair
navigation on a sidewalk. As shown on Figure 5.13, it consists of a 20 cm height
sidewalk. The velocity parameters of the wheelchair are chosen to mimic a typical
commercially-available wheelchair, such that the maximum forward speed is 0.7 m.s™!
and the maximum rotational speed is 0.5 rad.s .

Figure 5.13 — Virtual environment for the simulation.

5.5.4.2 Simulation results

Different wheelchair trajectory corrections obtained during the simulations performed
in the virtual environment shown in Figure 5.13 are displayed in Figure 5.14.

Here, we will detail the result for the third trial which best demonstrates the perfor-
mances of the proposed solution. The virtual wheelchair starts from the position shown
on Figure 5.15. The user’s linear and angular inputs are constant and respectively set
to the maximum linear velocity value and zero for angular velocity. This leads the
wheelchair to go forward at maximum speed.

At the beginning, no negative obstacle is detected thus the wheelchair is going
towards the curb. Then, when the curb is detected, the linear velocity progressively
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L L n
Sidewalk,
height = 15cm

Figure 5.14 — Wheelchair corrected trajectory for different initial positions.

decreases and the rotational velocity is modified in order to follow the curb. When the
wheelchair drives parallel to the curb, the linear velocity increases as there is no danger
to fall from the curb. Then, when the wheelchair is driving close to the curb drop-off, an
adaptation of both velocities is performed in order to provide a curb-following behavior.
When the wheelchair arrives at the end of the corridor in front of a drop-off, it stops
and prevents the fall.

5.6 Discussion

The first method is a direct application of the shared control framework given in chapter
4. Non-crossable obstacles are determined by using the definition of thresholds on
the measured distance, which considers "negative" obstacles as virtual walls to avoid
collisions with. The properties of this method are demonstrated with a simulation
performed on the simulator presented in chapter 3. The second method is also a sensor-
based control method but, contrary to the first proposed method, directly uses the
sensors distance measurements to the floor in the computation of the shared control of
the wheelchair. This framework has been tested with a simulation performed on the
simulator presented in chapter 3. Moreover, the second method is currently under tests
in real outdoor environments (Figure 5.16).

5.7 Conclusion

In this chapter, we proposed 2 sensor-based semi-autonomous methods for safe wheelchair
navigation in an environment consisting of "negative" obstacles. Both methods use low-
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Figure 5.15 — Simulation results: (a) Forward velocity applied to the wheelchair (b)
Rotational velocity applied to the wheelchair (c¢) Representation of the trajectory of the
virtual wheelchair in the simulated environment (which we recorded for visualization
purpose only). The rectangles represent the wheelchair at the beginning (red) and at
the end (green) of the simulation.

cost distance sensors. The difference of detection relied on the extraction of features.

In the first method, an obstacle was defined by a difference of elevation which the
wheelchair cannot cross safely. In order to determine if the sensor was detecting no
obstacle, a positive obstacle or a negative obstacle, thresholds have been applied on
the distance measured by distance sensors oriented towards the floor in order to define
"crossable" obstacles. When a measured distance corresponds to a non-crossable "neg-
ative" obstacle, it is translated into a virtual distance from a virtual positive obstacle
in the horizontal plane, thus acting as an indoor detection. hence, we then simply use
the same control framework as for our indoor semi-autonomous navigation assistance
method presented in chapter 4.

The second control system relied on a more complex task consisting in regulating
the velocity when detecting floor orientations. This method aims to slightly reduce
the wheelchair velocity input while encountering a crossable slope and to correct the
wheelchair trajectory when approaching a too steep slope or a drop-off.

While achieving similar avoidance behavior with respect to curbsides within the
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Figure 5.16 — On going tests of the second method in real outdoor environment.

proposed simulations on sidewalks, the 2 methods differ in their ability to negotiate
ramps. Indeed, the second method has been designed to detect all types of changes of
elevations by estimating local floor orientations. It therefore aims to provide smooth
assistance in the form of velocity regulation while negotiating ramps.

The shared control model presented here is flexible, computationally inexpensive
and independent of the range measurement sensor type. Moreover, this work showed
the versatility of our method and encourages us to go further in our research process.



Chapter 6

Augmented experience: a promising
tool for rehabilitation

This chapter demonstrates the design of an additional smart power wheelchair function-
ality providing feedback while driving a robotized wheelchair. The proposed feedback
framework brings additional information to the user by means of haptic information.
The idea is to assist people with disabilities to get navigation information they cannot
take from the environment because of visual and/or cognitive impairments. The pro-
posed augmented driving experience is designed to be an additional layer to the naviga-
tion assistance control input regulation methods which have been proposed in previous
chapters 4 and 5. Within this additional functionality, two types of haptic feedbacks
can be designed in the form of haptic guidance (feedback delivered to the user without
wheelchair control input regulation) or haptic feedback (feedback delivered to the user
combined with wheelchair control input regulation).

In this chapter, we demonstrate the validity of such a framework in the scope of
indoor wheelchair navigation with a modified haptic feedback gaming joystick controller
that provides haptic guidance. The objective is to compute a regulated control input
delivered by means of haptic feedback to the user instead of being directly applied to
the wheelchair. Thus, the user has full control of the wheelchair, and trajectory is no
longer corrected by the control input regulation method. Instead, the proposed method
aims to augment user operation in such a manner that it ensures user full control while
receiving haptic feedback information acting as a clue to safely control the wheelchair.

The contents of this chapter have been presented at the SMC 2018 Conference [C.3].

113
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6.1 Introduction

6.1.1 Context and motivations

Wheelchair navigation assistance can be provided in an autonomous or semi-autonomous
manner to the user while driving the wheelchair. Within such a framework, the system
directly fully or partially takes the control of the wheelchair to ensure a safe navigation.
While allowing the wheelchair to navigate safely, these control methods do not provide
information to the user about the behavior of the wheelchair. Indeed, the control in-
put is obtained from an internal computation based on information measured by the
sensors attached to the wheelchair. In the case of semi-autonomous navigation assis-
tance, the behavior of the wheelchair can be different from the user input i.e. intention.
Consequently, such a situation can be confusing for the wheelchair user: no informa-
tion is given to the user about the wheelchair behavior, which can be in some cases be
inconsistent with user intention.

While navigation assistance methods aim to be undetectable by users while driving,
some patients would greatly benefit from a better understanding of the navigation infor-
mation while driving [LSS10]. Therefore, another way of providing navigation support
is to communicate relevant information to the user through a dedicated and adapted
feedback interface.

6.1.2 Related works and clinical motivations

Providing feedback information (visual, auditory or haptic/tactile) has been shown to
have additional benefits for learning and rehabilitation purposes [LSS10].

In the robotics field, feedback information is often communicated through haptic
interfaces, especially for human robot interaction applications. Indeed, applying forces,
vibrations, or motions to the user interface allows to communicate information between
a user and a remote environment. Typically, this can be useful for robot teleoperation,
interaction with a virtual environment or even remote surgery [Sto01]|[Lic07|[KK15].

In the assistive robotics field, this type of feedback is typically used for people with
visual impairments [LMO8|[JCE " 14], where haptic information compensates for the lack
of visual information and thus allows the user to improve his/her interaction with the
external environment. In particular, some studies have also shown the benefits of using
haptic feedback for motor rehabilitation [BGRS02][CCL10].

It is then possible to create a communication channel between the user and the
system he/she is using. This feedback provides additional information to users during
their interaction such that their experience or their performances can be enhanced.
Moreover, as such a feedback can improve user understanding while performing a given
task, haptic feedback could be seen as an effective rehabilitation tool to train severely
disabled people to drive a powered wheelchair [CRO8|. In particular, by providing
additional information about the environment, haptic feedback could be a useful tool
for the rehabilitation of people with hemispatial neglect [TOM™15|. Indeed, hemispatial
neglect is described as an attention disorder which arises as a result of injury to the
cerebral cortex. This results in a lack of awareness of a hemispace (i.e. one side of
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space) therefore having severe effects on the ability to interact with and respond to the
environment [Ker06].

Some research has been undertaken on the use of haptic feedback for power wheelchair
driving but are only focused on a specific line following task [MCFR10][CA12|. In
[PLBO0], the authors evaluated the impact of force feedback on user performance while
driving a power wheelchair in a virtual environment. Results of trials with people with
disability showed fewer collisions while the feedback was activated. Van der Poorten
et al. [VPDR*12] also developed a haptic feedback algorithm for power wheelchair
driving relying on the definition of a collision-free paths computed from a local map of
the environment. Similar work has been done in [MAC™15] where a grid-based method
is used to compute free directions in the built local map that defines the force feedback
parameters. Such systems typically use Potential Field Methods relying on the defini-
tion of a local map of the environment requiring information classically measured by
expensive sensors such as laser range finder.

6.1.3 Objective

We were challenged by our clinical collaborators to develop a haptic assistance method
able to provide navigation information notification while driving. Such a tool has par-
ticularly been recommended by occupational therapists to assist the learning of driving
abilities for patients having visuo-spatial and attentional impairments, particularly peo-
ple with unilateral neglect.

The proposed haptic navigation assistance method takes the form of an additional
functionality to the navigation assistance methods which have been previously intro-
duced in this manuscript both for indoor navigation assistance (chapter 4) and outdoor
navigation (chapter 5).

In this chapter, the properties of the proposed haptic navigation assistance method
are demonstrated within the scope of indoor navigation which has been presented in
chapter 4. This method aims to communicate relevant information to the user through
a haptic controller device as the user steers the wheelchair. To do so, we define the
relevant information to be delivered to the user as the difference between user control
input which is the control input computed by the driving assistance algorithm.

When designing such feedback assistance for power wheelchair navigation, two types
of methods can be distinguished:

e haptic feedback: this method consists in communicating feedback information to
the user through the haptic controller while at the same time semi-autonomously
taking over the control of wheelchair when approaching an obstacle. With this
method, the user receives feedback about the difference between his/her velocity
input and the control input which is applied to the wheelchair by the shared-
control assistance solution. In this case, the user partially controls the wheelchair
and collisions cannot occur. This method aims to improve user understanding of
the behavior of the system while still correcting the trajectory.

e haptic guidance: this method consists in communicating feedback information
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to the user through the haptic controller without taking over the control of
wheelchair. With this method, the user receives feedback about the difference
between his/her velocity input and the control input which would be applied to
the wheelchair if the shared-control assistance was activated. In this case, the
user has full control of the wheelchair and collisions can occur.

In this chapter, I will present the first step of the augmented experience method
design, implementation, tests and validation.

6.2 Method

6.2.1 Framework

The aim of the proposed haptic guidance method is to communicate feedback informa-
tion to the user through a haptic controller without taking over the control of wheelchair.
With this method, user receives feedback about the difference between his/her velocity
input and the control input which would be applied to the wheelchair if the shared-
control assistance was activated. To do so, the proposed method relies on the same
mathematical modeling and values computation as the indoor navigation assistance
method presented in chapter 4.
Therefore, based on the results presented in section 4.1, we make use of

® U, = (Vgp, Wop), the user desired control input,

® Uind = (Vemd, Wemd), the computed wheelchair control input value which compu-
tation from sensor measurements constraints is given in equation (4.39)

As shown in Section 4.1, u,, and upy,q are respectively within a forbidden area and
an allowed area in the wheelchair velocity domain such as depicted in Figure (4.14).

6.2.2 Haptic guidance algorithm

As mentioned previously in this chapter, relevant information to be delivered to the user
while driving is defined as the difference between his/her velocity input and the control
input which would be applied to the wheelchair if the shared-control assistance was
activated. Practically, this information is communicated through the haptic controller
in the form of the direction to which the user should put the joystick in order to keep
a safe navigation.

This information can be extracted from the mathematical framework presented in
section 6.2.1 in the form of a force vector in the wheelchair velocity domain. Let K be the
vector from ug, to Uepg in the wheelchair velocity domain (Figure 6.1). The force feed-

back vector F to be applied to the user interface will be computed from this information.

We define K(ry, 8),) and F(r,0) in polar coordinates with respectively 7, and r their
magnitudes and 6 and 6 their directions. This representation leads to the following
properties:
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Figure 6.1 — The algorithm output corresponds to the projection of user input within
the allowed area. k represents the vector from the user input to the algorithm output.

e force direction is the same as the direction of the vector k in the wheelchair velocity
domain, leading to 6 = 6y,

e we define the force magnitude such that r = «a r; with

— «a > 0 a proportional gain which can be modified to adapt the force magni-
tude to the user strength,

— rx = ||K|| the euclidean distance between Uy, and Uepg in the wheelchair
velocity domain so that

1] =/ (ttop — tcma)? + (wop — wema)® (6.1)

This way, the force guides the user towards a joystick position for which the resulting
user input is safe. Force magnitude is then proportional to the distance between user
input and its projection onto the allowed area.

The user is at the same time notified that there is a danger of collision and is guided
to a joystick position corresponding to safe input. It is to be emphasized that the user
has full control of the wheelchair and can maintain his/her desired joystick position.
The information communicated in the form of force feedback is only an indication of the
risk-free joystick position the most compliant with his/her intention. Such a solution is
then mainly meant to be used for learning or rehabilitation purposes.

6.3 Simulations

In this section, results of the very first step in the development of the haptic guidance
solution are presented. A simulation is performed with on the power wheelchair driving
which I previously developed 3. In this framework, the user operates a force feedback
joystick to drive a virtual robotized wheelchair in a virtual environment. The framework
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has been designed to be directly compliant with a monitor screen display, a Virtual
Reality room or a Head Mounted Device and is presented in more details in chapter 3.

6.3.1 Simulation conditions

The virtual environment is displayed on a computer screen as it is only used to demon-
strate the properties of the proposed haptic guidance solution. The virtual environment
used for this simulation is shown on Figure 6.2. It consists of a 1.5 m wide and 10 m
long corridor with 4 obstacles. The virtual wheelchair starts from the beginning of the
corridor facing the top wall with an angle of 60°. The wheelchair is here equipped with
22 virtual sensors positioned all around the virtual wheelchair according to Figure 6.3a.

(OObstacle 1Wall

Figure 6.2 — Top view of the map used for simulation.

The user is sitting in front of the computer screen and controls the virtual wheelchair
(Figure 6.3a) by operating a force feedback joystick (Figure 6.3c). The user view dur-
ing the simulation is shown in Figure 6.3d. The force feedback game controller is a
commercially available joystick from Microsoft, which I modified and adapted to match
wheelchair driving constraints by implementing automatic centering and reducing the
number of degrees of freedom to 2.

In order to emphasize the properties of the proposed force feedback solution, the
user voluntarily tries to collide with the virtual obstacles while steering the wheelchair.

6.3.2 Simulation results

Simulation results are presented in Figure 6.4. Figure 6.4a shows the trajectory of the
wheelchair during the simulation. Blue arrows represent the force vectors which are sent
to the user through the force feedback joystick while driving. Figure 6.4b represents the
rotational and linear velocity inputs. No collisions were recorded during this simulation.

In Figure 6.4, in part A, we observe that as long as the user is driving towards the wall
on his left, he is being notified that there is a risk of collision by means of forces directly
towards the opposite direction. Then, when the user modifies the angular velocity
input, both the magnitude and direction of the force progressively decrease. When
the wheelchair becomes parallel to the walls, as there is no risk of collision anymore
(typically in D and H parts), the user does not receive any force feedback anymore. In
B and E parts, as the user drives towards the obstacle on his right, the algorithm then
sends forces towards the left direction. We can observe the impact of this additional
information on the angular velocity. Indeed the decreasing of the angular velocity input
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Figure 6.3 — Virtual environment and simulation setup.

associated with a slight increase of the linear input shows that the user is adapting
his joystick input while receiving force feedback information. We can observe similar
results in C and F parts where the user drives toward the obstacle on his left.

The proposed simulation demonstrates well the properties of the proposed frame-
work as it provides relevant force feedback. Indeed, forces communicated to the user
through the haptic joystick indicate a safe input while the user is voluntarily controlling
the wheelchair towards obstacle. Experimental results will be shown in the next section
6.4.

6.4 Experiment

As power wheelchair users can have weak upper limb strength and/or tremors, it is
mandatory to ask able-bodied participants to evaluate our haptic guidance solution
before being able to obtain ethical approval regarding trials with people with disabili-
ties. In this pilot study including 4 able-bodied participants, the impact of navigation
assistance in the form of haptic guidance solution is assessed.
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Figure 6.4 — Simulation results.

6.4.1 Experimental setup

We used the same wheelchair as in chapter 4, a power wheelchair that we equipped with
the same force feedback joystick as the one used for the simulation. Although it is the
same wheelchair, the sensor configuration has been upgraded: we empirically determined
an optimal configuration composed of 22 sensors. Those sensors were installed on the
wheelchair at the same location as in the simulation setup previously described (Figure
6.3b).

The obstacle course I designed for this experiment (Figure 6.5) is similar to the one
used for the simulation (Figure 6.2) but is more challenging as paths are narrower than
the one used in simulation and it contains a turn around maneuver.

The power wheelchair actuation is implemented using the generic ROS framework
presented in chapter 3 adapted to the haptic control of the adapted haptic interface.
This adapted framework is presented in Figure 6.7. The proposed framework is com-
posed of the following 3 ROS nodes, namely:
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e Sensor ROS node. This node replaces the Display ROS node used for simulations.
This node manages sensor measurements.

e Haptic ROS node. This node manages the computation of the haptic control input
to be applied to the haptic interface.

e Controller ROS node. This ROS node manages input controller data collection,
here the standard wheelchair joystick commands.
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Figure 6.7 — Generic ROS framework adapted to the control of the haptic interface.

6.4.2 Experiment protocol

Participants were asked to drive a power wheelchair with the force feedback joystick
(Figure 6.6) an obstacle course made with cardboard boxes (Figure 6.5). Participants
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completed the course twice: once with haptic guidance and once without haptic guid-
ance. The given instructions were

e driving along the obstacle course and go back,

e performing the obstacle course the faster they could without colliding with the
obstacles.

For each trial, the haptic guidance module can be activated or not. We counter-
balanced the order of activation of the haptic guidance for each participant in order to
avoid the learning effect.

6.4.3 Data Collection
6.4.3.1 Haptic guidance solution data

We use ROS to automatically record data during the trials. Here we recorded user
input, the related risk-free input computed by the algorithm and force magnitude and
direction. We also recorded the number of collisions as well as time completion.

6.4.3.2 User feedback

After completing the obstacle courses, participants were asked to answer the USE ques-
tionnaire |[Lun01] which consists in a 30 items Likert scale. The Questionnaire is com-
posed of 4 sections: Usefulness (U), Ease of Use (EU), Ease of Learning (EL) and
Satisfaction (S).

6.4.4 Experiment results

This section presents the results of the experiment we performed. 4 able-bodied par-
ticipants aged from 22 to 38 years old have volunteered to participate to this pilot
study.

6.4.4.1 User performance

In order to evaluate the impact of the proposed haptic guidance solution on user perfor-
mances while driving the power wheelchair, we recorded the number of collisions that
occurred during the experiment with and without force feedback (Fig. 6.8a) as well as
completion time.

As we can see, fewer collisions occurred while haptic guidance was activated. With
the haptic guidance activated, all participants collided with the same obstacle. In fact,
these collisions only occurred during a turn around maneuver which was really difficult
as the space was very narrow compared to the length of the wheelchair. Moreover,
there was no significant difference between time completion values with and without
force feedback.
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Figure 6.8 — Experiment results.

6.4.4.2 User feedback

USE Questionnaire results are presented in Figure 6.8b. Mean and standard deviation
(M +/- SD) values are given for each category. The best score is for the ease of learning
with 6.5 +/- 0.41 and worst score is for the ease of use with 5.61 +/- 0.42. Global
questionnaire score is 5.99 + /- 0.43.

Participants reported to be rather satisfied with the proposed haptic guidance so-
lution. They felt the information given by the joystick was relevant and helpful for the
navigation task. In particular, they reported having benefited from the haptic guidance
while performing the turn around maneuver as it warned them while getting too close
to obstacles and allowed them to better judge distances when obstacles were not easily
visible as the force increased while approaching the obstacle with an unsafe joystick
input. However, even if driving performances have been significantly increased, addi-
tional information provided by the force feedback joystick was not totally sufficient to
avoid collisions during the turn around maneuver. Nevertheless, it globally incited par-
ticipants to adapt their command and generally decreased the collision impact speed.
Finally, participants did not report having felt any pain or discomfort while using the
force feedback joystick but they reported to be unsatisfied with the haptic interface
form factor itself: they found it difficult to manipulate because of its dimensions.

6.5 Discussion

Although the joystick provided satisfying guidance forces, participants encountered
some difficulties to manipulate the wheelchair with it, in particular because of its di-
mensions. Indeed, this joystick is a game controller and has not been designed for power
wheelchair control. It was used only for the algorithm validation purpose. Another issue
was encountered with the game controller is that we were limited to 50Hz for the force
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generation while haptic interfaces typically run at higher frequencies (users can perceive
force variations up to 1KHz [TSEC94]). This led to a lack of smoothness of the force
feedback.

High scores obtained with the USE questionnaire show that the participants were
rather satisfied with the haptic guidance solution. Moreover, they found it helpful,
particularly for the turn around maneuver. As expected, they felt that the joystick
was giving them additional information about the environment. While approaching
an obstacle, they perceived the force as an indication of the risk of collision inducing
them to reduce their speed and to modify joystick direction. While maneuvering the
wheelchair, they perceived the feedback as an inducement to move the joystick in the
right direction.

These preliminary results show the proof-of-concept of the proposed haptic guid-
ance solution as a tool for learning or rehabilitation purpose. Indeed, it incited the
participants to adapt speed and direction to avoid collisions and allowed them to better
understand the environment around the wheelchair, particularly while maneuvering in
narrow spaces. Results of the experiment show that additional information in the form
of forces sent through the wheelchair controller is associated with a significant decrease
of the number of collisions without increasing the completion time.

6.6 Conclusion

The proposed haptic guidance solution for power wheelchair assisted navigation has
been validated with 4 able-bodied participants during an experiment on an obstacle
course with and without haptic guidance activation. This pilot study was mandatory
to provide a proof-of-concept of the method. This step is necessary to obtain an approval
from a national ethical committee in order to perform trials with people with disability.

While driving the wheelchair on the obstacle course, the number of collisions signifi-
cantly decreased while haptic guidance was activated, thus providing a proof-of-concept
of the proposed framework. In addition, this pilot study allowed us to identify the
remaining shortcomings of the proposed system system. Evidently, the game controller
we used to validate our robotic solution is not adapted to wheelchair control. These re-
sults initiated another project in which I took part to design a dedicated force feedback
joystick adapted to user needs and which dimensions are compliant with wheelchair
standards (Figure 6.9).

Future work will therefore focus on the improvement of the haptic interface for better
feedback. Then, other studies with larger samples of able-bodied participants will be
conducted before clinical trials with power wheelchair regular users, once approved by
an ethical committee.
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Figure 6.9 — Homemade dedicated force feedback joystick adapted to user needs.
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Conclusion

In this thesis we covered several aspects of robotic assistance for wheelchair navigation.
In Chapter 1, we first presented the clinical, social and robotic challenges resulting from
the context of powered mobility issues. In Chapter 2, we provided a review on exist-
ing smart power wheelchair solutions as well as technical requirements and guidelines
learned from past projects in order to give the right direction to this thesis.

In chapter 3, we proposed the design of a powered mobility simulator, not only
aiming to support the design of new assistive solutions but also to assist therapists for
clinical assessment and rehabilitation. The proposed assisted powered mobility simu-
lator relies on a generic and modular ROS framework allowing quick development and
integration of new functionalities. It can be displayed on multiple virtual display devices
such as Head Mounted Devices (HMD) or immersive platforms, like the Immersia vir-
tual room located in Rennes. The user operates a virtual wheelchair in the environment
with a standard wheelchair controller while seating on a real wheelchair fixed on the
platform. User satisfaction and experiential validity have been assessed through 2 ex-
perimental studies conducted in collaboration with therapists and involving able-bodied
participants. The results of these studies show encouraging outcomes and benefits of
the simulator for future clinical use.

In Chapter 4, we addressed the issue of safe navigation within indoor environments.
We first provided an introduction to sensor-based control by demonstrating the proper-
ties of the classical autonomous method applied to the power wheelchair in simulation.
Then, we adapted sensor-based control techniques to semi-autonomously regulate the
velocity of a power wheelchair. The idea of this shared control method is to compute
velocity regulation from constraints which are deduced from distance sensor measure-
ments all around the wheelchair. The velocity regulation is progressively applied to the
wheelchair by means of a blending method respecting as much as possible user inten-
tion. Therefore, while approaching an obstacle, the wheelchair velocity control input is
modified: a smooth trajectory correction is generated. In this chapter, we detail the
clinical experiment of the proposed solution embedded on a standard power wheelchair
conducted within the Rehabilitation Center Pole Saint Hélier with regular users. The
results of this preliminary study led to validate the proposed framework.

In Chapter 5, we applied a sensor-based semi-autonomous control framework for
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"negative" obstacle avoidance. Two methods using distance sensors oriented towards
the floor are presented. The first method is a direct application of the shared con-
trol framework given in chapter 4. Non-crossable obstacles are determined by using
the definition of thresholds on the measured distance. The "negative" obstacles which
are considered non-crossable with respect to these thresholds are considered as virtual
obstacles to avoid collisions with. The properties of this method are demonstrated
with a simulation performed on the powered mobility simulator presented in chapter 3.
The second method is also a sensor-based control method but, contrary to the previ-
ously proposed method, it directly uses distances to the floor and local floor orientation
estimation is deduced from sensor measurements to regulate the wheelchair velocity.
This framework has also been designed and tested using the powered mobility simu-
lator presented in chapter 3. While achieving similar avoidance behavior with respect
to curbsides, the 2 methods differ in their ability to negotiate ramps. In particular,
the second method has been designed to detect all types of changes of elevations by
estimating local floor orientations. It therefore aims to provide smooth assistance in all
situations while navigating on a sidewalk with respect to curbsides but also ramps and
slopes.

In Chapter 6, we proposed an augmented driving experience solution by providing
adapted haptic feedback to the user while driving. We then present the pilot study
we conducted to validate the haptic guidance solution. In this study, 4 able-bodied
participants operated the wheelchair on an obstacle course with and without haptic
guidance. The results and participants feedback from this preliminary study gave a
proof-of-concept of the proposed haptic guidance solution as a promising tool for learn-
ing or rehabilitation purpose. Indeed, the proposed solution allowed better understand-
ing of the surrounding environment when participants did not notice the presence of an
obstacle, particularly while maneuvering in narrow spaces.

In the following, we will discuss the main outcomes of this thesis work, starting
with highlighting the strong positive impact of user and clinicians involvement in the
assistive solutions development process. Moreover we will highlight the benefits of the
proposed generic framework within research and collaborative work present and future
perspectives. Then, we discuss the technical perspectives for future works on smart
powered mobility solutions development. Finally, we address the ethical considerations
and issues encountered in this work which would have to be addressed in the future to
cross the gap between technical validity assessment and clinical validation as well as use
by end-users.

A successful collaboration with clinicians and users. This thesis work has been
a rich experience as it allowed clinicians’ and users’ knowledge, expertise and expecta-
tions to be considered in every development stage of the different solutions proposed in
this work. Firstly, regular interactions with clinicians and patients have allowed me to
better understand the clinical and social implications of disability. Indeed, the sharing
of medical knowledge from which I have benefited by being in contact with therapists
allowed me to better understand the mechanisms of the human brain, particularly the
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visuo-spatial and cognitive functions which take part in the major part of the daily-life
of every individual. Learning this made me able to be aware of the multiple issues that
an individual with visuo-spatial or cognitive impairments experiences in daily-life. In
particular, the impact of such deficiencies on driving abilities and independence has
been fully considered during all stages of this thesis work. The interactions experienced
within this collaboration thus ensured an effective and useful approach to developing
new support solutions. Consequently, each solution proposed in this work has been
discussed with clinicians to be the most adequate to clinical reality.

Firstly, all the proposed solutions require user action to work. Indeed, while autonomous
solutions could appear to be the safest option to assist the navigation of people with
visuo-spatial and/or cognitive impairments, clinicians emphasize that user control of
the wheelchair with a classical input interface is crucial during the driving task. On
the one hand, it allows user intention to be respected and in the other hand it allows
to soliciting remaining functions, which is very important to prevent functioning loss.
Therefore, the navigation assistance methods proposed in this work implement shared-
control providing smooth wheelchair velocity regulation when approaching an obstacle.
In addition, it has never been considered to integrate additional functionalities to the
assistive solutions because even the simplest additional task can represent a significant
challenge for people with impairments of the executive, attentional or memory func-
tions.

Finally, while testing solutions with regular users such as the indoor navigation assis-
tance framework or with occupational therapists with the haptic controller, feedback
has been very encouraging thus showing the strong positive impact of integrating users
and clinicians within the development of assistive solutions.

A generic framework. The results of this thesis are encouraging and show the strong
positive impact of the collaboration with end-users and clinical experts in the develop-
ment of assistive technologies. In this work, multiple assistive solutions have been
designed for end-user and clinician use. All the solutions that have been developed
along this thesis work were designed to be generic in order to foster rapid and easy
development as well as collaborative work. While industrialization of these solutions
requires integration and low-cost embedded system engineering, all the research and
development process has been done using the middleware ROS. Such a generic frame-
work is particularly beneficial within the collaborations taking part of the ISIANAVE
associated team and ADAPT Interreg Project. As part of the ISIANAVE project, such
framework allowed to quickly and easily adapt our proposed shared control framework
to the UCL wheelchair and perform driving tests on the PAMELA platform. As part of
the ADAPT project, the generic framework allows us to easily switch from simulation to
real conditions by interchanging the nodes performing virtual or real wheelchair control
and sensing. Moreover, while providing this generic framework within the scope of a
recent ADAPT technical meeting, we were able to achieve collaborative development
with multiple partners. Indeed, we were able to quickly adapt the omnivision-based
navigation method from the MIS laboratory located at UPJV University to a standard
wheelchair with our ROS framework. Moreover, our partners from the University of
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Kent were able to easily take the control of a standard wheelchair with our control
framework.

Technical perspectives. While proof-of-concepts and preliminary tests were pro-
vided, there still remain significant technical improvements to integrate into the pro-
posed solutions. First, the proposed powered mobility simulator has to be improved in
terms of physical validity before conducting new experiential validity assessment or even
testing with regular users. Indeed, while providing rather satisfying sense of immersion,
there still remain a sense of sickness taking the form of nausea and/or headache during
and /or after tests on the virtual platform. Future works on the simulator may improve
physical validity by means of better simulator technical features. Works in which I
took part have already started on the design of a wheelchair physical engine in order
to be able to better implement wheelchair-related dynamical effects such that caster
wheel effects which are well-known to strongly impact navigation comfort with a real
wheelchair. Moreover, as part of the ADAPT Interreg Project, a physical platform will
soon be going to be incorporated within the powered mobility simulator to provide rel-
evant physical sensations transcribing the dynamical behavior of the virtual wheelchair
within the scene. These two on-going improvement works are interrelated as they will
provide driving sensations consistent with the interaction of the virtual with the virtual
environment. Moreover, thanks to the proposed generic framework, these improvements
will be easy to integrate within the simulator as they can take the form of additional
functionalities. Finally, future work may consider the feedback already collected from
the participants within the 2 studies conducted as part of this thesis.

In addition, recent technical advances in sensor technology bring new perspectives
for the integration of shared control solutions to standard wheelchairs. Indeed, while a
first solution for semi-autonomous assisted navigation in indoor environment presented
in chapter 4 was developed with ultrasonic detection technology, this classically used
type of sensors offers a low-cost and low-power consumption alternative to other dis-
tance sensors, they remain particularly difficult to integrate onto a power wheelchair
because of their size and electronically design issues such as Electromechanical Com-
patibility (EMC) designs. Moreover, despite a sufficient number of sensors covering the
entire area around the wheelchair, there still remains missed detections on some surfaces
and specific configurations because of the inherent properties of ultrasonic waves. In
this context, the new generation of infrared VL53L1 Time-of-Flight (ToF') sensors from
STMicroelectronics brings new perspectives for assisted navigation in indoor as well as
outdoor environments. Indeed, these sensors provide infrared-based detection range up
to 4 meters and multizone detection as well as the small size and easiness of integration.
A first prototype for outdoor navigation assistance equipped with this type of sensors
5 is currently under tests and shows promising perspectives for industrial design and
detection robustness.

As for the haptic guidance framework, multiple improvements can be considered. Firstly,
as mentionned in chapter 6, a new force feedback joystick is under development (Fig-
ure 6.9. While the mechanical design has recently been assembled and corresponds to
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wheelchair form factor requirements, new tests with able-bodied participants are re-
quired before obtaining an approval from a national ethical committee before testing
this prototype with people with disability. The haptic feedback method has been tested
with occupational therapists from the rehabilitation center Pole Saint Hélier. Their
positive feedback was encouraging and inciting future tests to assess the impact of such
a tool on driving performances.

Finally, future works on the proposed navigation assistance methods may consider im-
proving the control law in order to better match user intention. To this aim, the
integration of a user driving behavior model such as the one presented in |?] may be
investigated.

Towards clinical experimentation. In the following, we will discuss ethical con-
siderations and ethical issues towards clinical experimentation which have been an in-
tegral part of this thesis work. While the technological perspectives suggest significant
advances in the field of smart powered mobility technologies, the French legislation
remains a strong obstacle to clinical experimentations and thus to robotic solution dif-
fusion in rehabilitation centers, specialized facilities or even at home. Indeed, since
November 2016, the French legislation requires clinical research involving human beings
to obtain an approval from a national ethical committee. However, while obtaining eth-
ical approvals for medical intervention experimentation is a classical process, it is much
more complicated when a study involves a robotic wheelchair prototype that should be
tested with people with disability. Therefore, there is a huge gap between tests with
able-bodied participants to assess the technical validity of a robotic prototype and the
clinical evaluation of the benefits of such an assistive technology within a rehabilitation
context. Finally, while such solutions aim to improve the Quality of Life of people with
disability by providing them more mobility, the assessment of such assistive technologies
impact on daily-life requires that they are already available for wide use. However, to
be able to be distributed on the market, such solutions would have to be clinically val-
idated. We then face a "snake biting its tail off" issue which will have to be addressed
with clinical experts in the future.
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Solutions robotiques bas co(t pour l'aide a la navigation en fauteuil roulant électrique : vers une
contribution dans le champ de la rééducation neurologique

Mots clés : contréle basé capteurs, fauteuil roulant intelligent, handicap, robotique de réadaptation,
controle partagé, assistance semi-autonome a la navigation

Résumé : Alors que [lutilisation d'un fauteuil
roulant permet aux personnes en situation de
handicap de compenser une perte de la mobilité,
certaines personnes se voient privees de
l'utilisation d’un fauteuil roulant électrique. En
effet, la présence de troubles cognitifs ou de la
perception visuelle altére la capacité a conduire
sans danger. Dans ce contexte, 'accés a la
mobilité peut étre amélioré par I'apport d’aides
techniques adaptées permettant de compenser la
perte de mobilit¢  dans  tous  types
d’environnements. Alors que les premiers
travaux sur les fauteuils roulants intelligents
datent du début des années 80, aucune solution
n'est a ce jour sur le marché ou dans les centres
de rééducation. Ce travail vise a proposer un
ensemble de solutions d’aide a la conduite de
fauteuil roulant électrique congu en collaboration

Le développement de telles aides techniques
constitue de multiples défis robotiques mélant
techniques de détection innovantes et méthodes
de contréle partagé avec l'utilisateur. Dans ce
travail, un simulateur de conduite visant a
appuyer la recherche et le développement de
nouvelles solutions robotiques est proposé. Puis
des solutions bas colOt d’assistance semi-
autonome a la conduite en intérieur et en
extérieur sont détaillées. L’évaluation avec des
participants sains nous permet de valider les
méthodes mathématiques mises en oeuvre et de
fournir des preuves de concept des solutions
proposées. Enfin, les premiéres évaluations
cliniques avec des usagers au Péle MPR Saint
Hélier montrent la validation de de la méthode
proposée en termes de satisfaction des
utilisateurs.

Low-cost robotic solutions for safe assisted power wheelchair navigation: towards a contribution

to neurological rehabilitation

Keywords: sensor-based control, smart power wheelchair, disability, rehabilitation robotics, shared

control, semi-autonomous navigation assistance

Abstract: While the use of a wheelchair allows
people with disabilities to compensate for a loss
of mobility, people with severe disabilities are
denied the use of a power wheelchair. Indeed,
cognitive or visual perception impairments can
affect the ability to drive safely. In this context,
access to mobility can be improved by providing
appropriate assistive technologies to compensate
for loss of mobility in all types of environments.
While the first research on smart wheelchairs
dates back to the early 1980s, no solutions have
yet been proposed on the market or in
rehabilitation centers and other specialized
structures. This work aims to propose a set of
solutions for power wheelchair navigation
assistance designed in close collaboration with
users and therapists. The development of such

assistive  solutions faces multiple robotic
challenges combining innovative detection
techniques, shared control with the user. In this
work, a driving simulator supporting research and
development of new robotic solutions for
wheelchair navigation assistance is proposed.
Then low-cost semi-autonomous assistance
solutions for navigation assistance in indoor and
outdoor environments are detailed. The
evaluation with able-bodied participants allows to
validate the mathematical methods and provide
proof of concept of the proposed solutions.
Finally, the first clinical evaluations with regular
users at Pdéle MPR Saint Hélier show the
validation of the proposed framework in terms of
user satisfaction.
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