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RÉSUMÉPour qu'un jour les robots puissent ohabiter ave les humains, ils doivent pouvoir in-teragir physiquement ave leur environnement, omme par exemple la apaité de réagiraux poussées. Or pour le moment, très peu de reherhes ont été portées sur de tellesinterations physiques. De plus, elles-i aboutissent souvent à des prototypes dédiés à etusage, disposant de poignées équipées de apteurs de fore. AZIMUT-3, un robot mobileomnidiretionnel et non-holonome novateur développé à l'IntRoLab (le Laboratoire derobotique intelligente, interative et interdisiplinaire de l'Université de Sherbrooke), estapable de perevoir des ouples extérieurs au niveau de ses roues à partir d'un méanismede diretion ative ontr�lable en impédane. Il en résulte un e�et de suspension horizon-tale réalisé grâe à l'impédane ontr�lable des moteurs orientant ses roues. Cet e�et desouplesse renfore la pertinene de l'utilisation de e robot dans le adre d'interationsphysiques. En réponse à es interations, la plateforme doit être en mesure de onjugueres fores ave son déplaement séuritaire, autre élément peu onsidéré à e jour aveles robots ontr�lé en fore. L'objetif est d'assurer la séurité des déplaements tout enlaissant à l'utilisateur un maximum de ontr�le sur le robot.Ce mémoire présente deux ontributions importantes, soit : le développement d'un al-gorithme permettant d'évaluer les e�orts appliqués sur AZIMUT-3 à partir des ouplesperçus au niveau de ses roues ; et l'exploitation de es e�orts ave la détetion d'obstalesperçus à partir d'un apteur laser a�n de réaliser un ontr�le partagé et séuritaire de laplateforme. Les résultats expérimentaux obtenus à même la plateforme indiquent que lesystème est fontionnel, séuritaire et arrive à des performanes omparables à l'utilisationd'un apteur de fore à six degrés de liberté, à oût moindre et ave un hamp d'interationplus grand. Le développement réalisé a aussi permis de mettre en plae un système originalde simulation liant les logiiels Webots et la librairie ROS (Robot Operating System) deWillow Garage.Ce travail onstitue don une première dans l'objetif de pouvoir interagir de façon na-turelle ave des robots pour les positionner ou les amener dans des endroits préis, ommeça pourrait être utile ave un hariot d'épierie ou une marhette robotisée par exemple.Mots-lés : ROS, simulation dynamique, dynamique du robot, robot mobile, évitementd'obstale, ontr�le en fore, ontr�le partagé
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ABSTRACTFor robots to operate in real life settings, they must be able to physially interat withthe environment, and for instane be able to reat to fore-guidane interations. How-ever, only a few researh projets have addressed suh apabilities, developing prototypesthat have to be pushed from their handle bars. AZIMUT-3 is a novel omnidiretionalnon-holonomi mobile robot developed at IntRoLab (Intelligent, Interative and Interdis-iplinary Robot Lab, Université de Sherbrooke) with fore-ontrolled ative steering. Thisresults in a horizontal suspension e�et for whih the mehanial impedane of the steeringatuators an be ontrolled. This makes the platform ideal for developing physial guid-ane algorithms. One suh algorithm is seured shared-ontrol, making the platform go inthe diretion of the user pushing the robot while still making it move safely by avoidingobstales. Suh apability is somewhat novel in the �eld, and the objetive is to providesafe navigation with maximum ontrol to the user.This Master's thesis has two important ontributions: an algorithm to estimate the ap-plied e�orts on AZIMUT-3 from torque measurements on its wheels; an algorithm to usethese e�orts with obstale detetion using laser range �nder data to implement a safe,shared-ontrol approah. Experimental results using the real platform demonstrate feasi-bility and safe ontrol of the system, with performanes similar to using a six degrees offreedom fore sensor but at lower ost and with a broader area for shared ontrol. Our im-plementation also resulted in oupling the simulation environment Webots with the ROS(Robot Operating System) library from Willow Garage, to help develop our approah insimulation before using AZIMUT-3.Overall, our work is the �rst in demonstrating how it is possible to naturally interat byphysially moving or positioning a mobile platform in real life settings, a apability whihould be useful for instane in the design of powered shopping arts or ative walkers.Keywords: ROS, dynami simulation, robot dynamis, mobile robot, ollision avoidane,fore-sensitive ontrol method, shared-ontrol
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CHAPTER 1INTRODUCTIONAording to a reent study, the personal servie robot domain is an expanding industrywhih will grow to $19 Billion by 2017 [29℄. The robots operating in real-life settings willtake various shapes and roles, but they will surely be able to interat with people in naturalways, one of whih involves moving the robot to a desired loation. To date, joystik,touhsreen, gesture and voal interfaes have been developed, but they all require a formof training before users an exploit them e�iently. The most natural way to position arobot is to physially guide it to the desired loation. This requires the robot to be ableto sense fores applied on it to determine where to move.AZIMUT-3 is an innovative roboti platform that embeds torque sensors on its steeringwheels' axis, giving information on the e�orts applied from almost any loation on theplatform. One hallenge to fore-guide AZIMUT-3 is to derive the overall fore and torqueapplied on the platform using the fores and torques sensed from the four steered wheels.To inlude safety during motion, other hallenges are to exploit suh information to derivethe user's intent, and to ombine it with information about the environment, suh as theloation of obstales, to ome up with seure and e�ient motion assistane apabilitywhen physially guiding the robot.This work is organized as follows. Chapter 2 presents a review of fore-guided platformsand their main harateristis in terms of loomotion, interfaes, fore sensing, perep-tion, loalization, navigation and shared-ontrol, putting into perspetive how AZIMUT-3learly distinguishes itself from other platforms. Chapter 3 explains the methodology usedto overome the two hallenges previously explained. Chapter 4 presents our work in theform of a journal paper, whih was submitted to IEEE Transations on Robotis. A briefonlusion is given in Chapter 5.
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2 CHAPTER 1. INTRODUCTION



CHAPTER 2FORCE-GUIDED ROBOTS
Fore-guidane of mobile platforms is a researh subjet that only a few have addressed sofar, with appliations suh as intelligent walkers and objet transportation [13, 36℄. Table2.1 presents the di�erent fore-guided robots found in the sienti� literature and reviewedin this hapter. Suh platforms takle multiple dimensions assoiated to robotis, suhas loomotion, motion ontrol, pereption, navigation, and shared ontrol. AZIMUT-3 islisted in tables throughout Setion 2 for omparison, but its harateristis are disussedin Setion 3 and 4. Table 2.1 Existing fore-guided robots.Robot Soure Refs. YearAtive RT-Walker Tohoku University, Japan [5℄ 2005AZIMUT-3 Université de Sherbrooke,Canada [21℄ 2006Care-O-Bot II Fraunhofer IFA, Germany [12℄ 2007CMU Roboti Walker Carnegie Mellon University, USA [25℄ 2003COOL-Aide MARC, University of Virginia,USA [41℄ 2008Gait Assistant Hanyang University, South Korea [26℄ 2004Guido DISAM, University of Madrid,Spain [31℄ 2005Loomaid University of Genova, Italy [24℄ 2002MOBIL Suola Superiore Sant'Anna,Pisa, Italy [32℄ 2002Passive RT-Walker Tohoku University, Japan [14℄ 2007Power-Assisted Walker Researh Laboratory of Hitahi,Japan [8℄ 2004SmartWalker Massahussets Institute of Teh-nology, USA [37℄ 2006UTS Assistant University of Tehnology of Sid-ney, Australia [22℄ 2006WAR Inha University, South Korea [34℄ 2005
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4 CHAPTER 2. FORCE-GUIDED ROBOTS2.1 LoomotionTable 2.2 lists the loomotion modalities of fore-guided robots. Some are manually pro-pelled and annot move autonomously, but use motors or brakes to orient the devie.They are referred to as passive devies. Passive loomotion has several advantages :� Seurity. Passive robots annot physially damage their environment, beause theyannot move by themselves.� Redued ost. Passive robots do not embed powerful motors, thus the eletro-mehanis required are more a�ordable.� Simpli�ed interfae. Beause there are no propelling motors on a passive robot, therange of possible ations is redued, making the interfae with them simpler, whih isvery important in the ase of appliations suh as roboti walkers, dediated to seniorswhih are not always omfortable with tehnology.For instane, Guido is a passive roboti walker propelled by its user, and steering motorsapproprietly orient its user towards a prede�ned goal and avoid loal obstales. COOL-Aide also has a steering motor that orients its user to avoid obstales. Finally, the PassiveRT-Walker uses brakes to orient appropriately the person guiding the devie. The maindrawbak of passive robots is that all the weight of the embedded equipment (e.g. thesteering motor or brakes, the omputing ressoures, et.) has to be pushed by the user.In the ase of walking assistane devies designed for seniors or of objet transportationplatforms, it an be an important limitation.Ative robots have atuated propulsion and an move autonomously, whih also addsomplexity to their interfae, the ontrol and the mehanisms (and therefore ost andsafety). The CMU Roboti Walker, RT-Walker and SmartWalker are omnidiretional,ompared to the others whih use di�erential steering. Some platforms use real rollatorsas a basis (COOL-Aide, Passive RT-Walker, UTS Assistant), enabling them to move onuneven terrains. Some have suspensions to gain in stability, whih an also be providedusing tires (e.g., WAR) but with higher energy onsumption. Compliane is provided bysprings that may be used to ease the ontrol of the devie, making it less sti�.2.2 InterfaesTable 2.3 presents the ways fore-guided robots measure the user's intent for moving theplatforms. The most ommon interfae is to use fore/torque sensors on the handlebars.They an even be used to detet falls of the user, as done with the SmartWalker, although



2.2. INTERFACES 5Table 2.2 Loomotion modalities of fore-guided robots.Robots name Propulsion type Omnidiretional RemarksCOOL-Aide Manual No NoneGuido Manual No NonePassive RT-Walker Manual No Slopes handledCare-O-Bot II Atuated No NoneGait Assistant Atuated No NoneUTS Assistant Atuated No NoneLoomaid Atuated No CompliantMOBIL Atuated No Pneumati tiresPower-Assisted Walker Atuated No Slopes handledand ompliantWAR Atuated No Uneven �oorsand slopeshandledAZIMUT-3 Atuated No Uneven �oorshandledAtive RT-Walker Atuated Yes Slopes handledCMU Roboti Walker Atuated Yes NoneSmartWalker Atuated Yes Uneven �oorshandledthis feature ould not be rigorously tested. Figure 2.1 illustrates mehanisms that do notdiretly use fore sensors on handlebars, but they prove to be less e�etive. Note that allinterfaes limit fore-sensing to a spei� loation on the robot.

Figure 2.1 Grip lever mehanism [26℄ (left) and U-shaped supporting arm [8℄.Passive platforms that do not need to be turned on and o� (e.g., COOL-Aide, Passive RT-Walker) an safely have no other interfaes. These platforms also bene�t from the user'spreoneived notion of how a lassial walker operates. On the other hand, ative fore-



6 CHAPTER 2. FORCE-GUIDED ROBOTSTable 2.3 Interfaes on fore-guided robots.Robots Interfaes typeAtive RT-Walker Fore/torque sensors on the handlebarsPassive RT-Walker Fore/torque sensors on the handlebarsSmartWalker Fore/torque sensors on the handlebarsUTS Assistant Fore/torque sensors on the handlebarsWAR Fore/torque sensors on the handlebarsCOOL-Aide Handlebars with fore sensorsLoomaid Fore/torque sensors on the handlebars or apneumati bumperCare-O-Bot II Handlebars with fore sensors, a touh sreenwhih displays destination and state, audiomessages for urrent mode and targetCMU Roboti Walker Handlebars with two fore sensors eah, aLCD display whih indiates the urrent de-sired motion diretionGuido Handlebar with fore sensor, swithes to se-let mode and destination, audio message fornavigation events and names of plaesMOBIL Isometri joystiks equipped with two straingage fore sensors to measure tration andompression foresGait Assistant Grip lever mehanismPower-Assisted Walker Fore sensor embedded on a U-shaped sup-porting armAZIMUT-3 Torque sensors in the orienting wheelsguided robots only equipped with fore-torque sensors must develop a speial ontrol tohandle suh situations, whih an be as simple as swithing o� the devie when no push isdeteted for a preset time. Inreased funtionalities on the platform require more omplexinterfaes. Platforms that provide paths to goal destination using internal maps often haveinput and output devies suh as speakers or displays. However, suh additions inreaseognitive and pereptual load for the user, whih is not desirable espeially for seniors. Inaddition, seniors often have limited eyesight. As a solution, COOL-Aide (a passive robot)derives user's intent using a map and from fore/torque sensory data.2.3 Fore sensingTable 2.4 presents the approahes used for motion ontrol of fore-guided robots. Eahrobot uses its own spei� approah, whih an be grouped into three main ategories.



2.3. FORCE SENSING 7Table 2.4 Motion ontrol of fore-guided robots.Robots Motion ontrolGuido Unspei�ed, input is used to steer the devieCMU Roboti Walker Unspei�ed ustom alulation of veloitybased on values measured by fore-sensingdeviesWAR Unspei�ed, ustom alulation of veloitybased on values measured by fore-sensingdeviesCare-O-Bot II Custom alulation of veloity based on val-ues measured by fore-sensing deviesLoomaid Custom alulation of veloity based on val-ues measured by fore-sensing deviesAtive RT-Walker Fore-torque sensors serve as inputs to aphysial model of the deviePassive RT-Walker Fore-torque sensors serve as inputs to aphysial model of the devieSmartWalker Fore-torque sensors serve as inputs to aphysial model of the devieAZIMUT-3 Torque sensors serve as inputs to a ontrolalgorithm that inludes a simple kinematimodel of the devieGait Assistant Fore-torque sensors serve as inputs to a sim-ple kinemati modelPower-Assisted Walker Fore-torque sensors serve as inputs to a us-tom ontrol algorithmUTS Assistant Fore/torque sensors serve as inputs to a us-tom veloity alulation approahMOBIL Fore-torque sensors values set speed set-pointsCOOL-Aide Fore-torque sensors serve as inputs to ashared ontrol algorithm whih inludes aphysial model of the devieThe �rst ategory is to derive the desired veloity based on fore-sensing inputs (e.g., Care-O-Bot, Loomaid). The fore and torque applied to the platform are diretly obtained bysumming the output of the fore-sensing measurements to have the fore in the diretion ofmotion. The orientation of the motion is obtained with the di�erene of the measurementsfrom the left fore sensor with that issued by the right one.The seond ategory is to use a transfer funtion that gives to the platform a globalapparent mass and damping, as is done with the Ative and Passive RT-Walkers and the



8 CHAPTER 2. FORCE-GUIDED ROBOTSSmartWalker. These robots use a damping model of their devies, and apply appropriateontrol algorithms whih take the measured fores as inputs.An improvement provided by SmartWalker onsists in allowing the damping of the devieto dynamially hange depending on the urrent veloity of the devie. Thresholds em-pirially de�ned are brought by this improvement, but tests show that it leads to a lowerenergy onsumption of the devie and better user satisfation.Finally, the third ategory onsists of merging diretly the fore applied to a shared-ontrolalgorithm, as is done with the COOL-Aide robot, see desription in Setion 2.7.2.4 PereptionIn robotis, pereption is the aquisition of knowledge about the robot's environment. Thisis ahieved by extrating information from the robot's sensors, whih an be funtionallylassi�ed into exteroeptive or proprioeptive. Exteroeptive sensors refer to all sensors thataquire information from the robot's environment (e.g., distane measurements, soundamplitude, et.). Proprioeptive sensors measure values internal to the robot (e.g., motorveloity, battery voltage, et.).As shown in Table 2.5, most mobile fore-guided robots developed are equipped with alaser range �nder. Aording to [27℄ or the CARMEN doumentation 1, it is urrentlyvery di�ult to obtain safe and reliable navigation without suh devies. Note that thePower-Assisted Walker and the Ative RT-Walker do not allow autonomous navigation,and thus do not have sensors assoiated.2.5 LoalizationTable 2.6 presents what fore-guided robots use for loalization, i.e., to determine theirposition in their operating environment. For the Ative and Passive RT-Walker, COOL-Aide and UTS Assistant, there is no loalization devie, and their sensors are only used todetet obstales, and perform loal ollision avoidane. Platforms that are not equippedwith laser range �nders often have to modify their environment using ative or passivebeaons, like SmartWalker, Loomaid or MOBIL do, to be able to loalize themselves,limiting their use in spei� areas. The same is true for robots using preloaded maps, suhas Care-O-Bot II and Gait Assistant. Robots using SLAM an operate in unknown and1. http://armen.soureforge.net/hardware.html



2.6. NAVIGATION 9Table 2.5 Exteroeptive sensors of existing fore-guided robots.Robots Exteroeptive sensorsAtive RT-Walker NonePower-Assisted Walker NoneCOOL-Aide An infrared obstale detetion sensorLoomaid Ultrasoni range �nders and bumpersMOBIL An ultrasoni array and a ameraSmartWalker An ultrasoni array and a ameraAZIMUT-3 A laser range �nderGait Assistant A laser range �nderGuido A laser range �nderPassive RT-Walker A laser range �nderUTS Assistant A laser range �nderCare-O-Bot II A laser range �nder and a bumper in frontWAR A laser range �nder and a CCD ameraCMU Roboti Walker A laser range �nder, two irular arrays ofultrasoni transduers, two irular arrays ofinfrared near-range sensors, and three largetouh-sensitive doorsunexplored areas (approximately 1000 m2). GPS is also an alternative that only worksoutdoors.2.6 NavigationTable 2.7 summarizes the navigation approahes used by fore-guided robots. Navigationonsists in �nding a ollision-free path to go from one plae to another [4℄. This requiresa path-planning module to determine a safe path using a map of the environment, and anobstale avoidane module to handle moving objets and dynami hanges in the world.Robots with no navigation apabilities are for users not visually impaired or who do nothave ognitive di�ulties. Without path-planning, reative obstale avoidane is usedto move around pereived obstales using laser or ultrasoni range �nders and bug-typealgorithms [4℄. Robots suh as MOBIL and Gait Assistant are given routes that theyfollow using a path-traking algorithm, whih an take into aount onstraints of theuser or the platform. However, this approah is not portable in real-world appliationswhere responsiveness of robots is needed. Virtual potential �eld path-planning algorithmsand derivatives are used to derive a path from the urrent loation to a goal loationby letting the equivalent of a ball move on a surfae representing the environment (withobstales represented as walls, and the goal loation being the lowest point). However, suh



10 CHAPTER 2. FORCE-GUIDED ROBOTSTable 2.6 Loalization systems of fore-guided robots.Robots Loalization systemsAtive RT-Walker NonePassive RT-Walker NonePower-assisted walker NoneUTS Assistant NoneSmartWalker Positioning passive optial beaons on theeilingLoomaid Positioning ative ultrasoni beaonsMOBIL Vision-based loalization with ative optialbeaonsAZIMUT-3 A loal map built with laser range �ndermeasurements.Care-O-Bot II Data fusion of odometry and laser range�nder data using Kalman �lter on preloadedmetri mapGait Assistant Data fusion of odometry and laser range�nder data using Kalman �lter on preloadedmetri mapCOOL-Aide A loal metri map built with HIMM (His-togrami In Motion Mapping) [2℄Guido SLAM (Simultaneous Loalization AndMapping) : dual version of the FastSLAMalgorithm and EKF (Extended Kalman Fil-ter [17℄CMU Roboti Walker SLAM [38℄ and fast version of Monte Carloloalization [39℄WAR GPS (Global Positioning System)approahes do not onsider dynami obstales and replanning is often neessary. When aglobal map of the environment is available, A* and wave-front expansion are algorithmsthat an selet an optimal path between two points. The user must therefore expliitlyselet a destination, a funtionality that requires more omplex interfaes.2.7 Shared-ControlShared-ontrol refers to the apability of a system to be in�uened simultaneously by theuser and the robot's ontrol poliy. Shared-ontrol involving physial interations must besafe and must prioritize the user's in�uenes as muh as possible. As shown in Table 2.8,shared-ontrol is not present on the majority of fore-guided robots: it is either the userwho drives the robot, the user ontrols one parameter (propulsion) and the robot ontrol



2.7. SHARED-CONTROL 11Table 2.7 Navigation systems of fore-guided robots.Robots Navigation systemsAtive RT-Walker No path-planning; no obstale avoidanePower-assisted walker No path-planning; no obstale avoidaneLoomaid No path-planning; reative obstale avoid-anePassive RT-Walker No path-planning; reative obstale avoid-aneMOBIL Prede�ned path; reative obstale avoidaneGait Assistant Prede�ned path and a path traking algo-rithm with onstraints regarding the plat-form's kinemati and for smooth user's mo-tionWAR Path-planning (no preision given); reativeobstale avoidaneSmartWalker Path-planning (no preision given); obstaleavoidane using the distane to obstalesAZIMUT-3 Loal path-planning and obstale avoid-ane based on Dynami Window Approah(DWA)COOL-Aide Path-planning and obstale avoidane usingvirtual fore �elds [1℄, an extended version ofthe potential �eld algorithm [35℄UTS Assistant Path-planning and obstale avoidane usingthe VFH (Vetor Field Histogram) in the lo-al map [22℄Care-O-Bot II Wave-front path-planning [19℄; obstaleavoidane using elasti bands [16℄Guido A* in a prede�ned graph of the environment;obstale avoidane with replanning on loalmetri mapsthe other (steering), or it is either the robot or the user who exlusively ontrols theplatform at a partiular moment (e.g., WAR). Robots implementing shared-ontrol adoptvarious approahes. For instane, the user of the CMU Roboti Walker de�nes a desiredpath on a global map through an interfae, and the devie slows down as the deviation ofthis path inreases. The interfae helps the user to get bak on his path. If a hange intrajetory from the user ours, a new destination must be de�ned. As a solution, Care-O-Bot II ompares the desired linear and rotational veloities drawn from the user's input onthe fore/torque sensors and the planned veloities. If the di�erene is above an empiriallyde�ned threshold, the path is modi�ed automatially by ativating behaviors suh as



12 CHAPTER 2. FORCE-GUIDED ROBOTSwall-following or doking, based on environmental features. However, this approah isomplex and requires setting up multiple thresholds, whih limits the addition of behaviors.Moreover, if the di�erene between the desired and planned veloities is too high, Care-O-Bot II swithes to a mode where the user has full ontrol of the devie. Using a di�erentapproah, SmartWalker evaluates the di�erene between the user's path and a referenepath (omputed using a global map). Passive RT-Walker interprets information about theenvironment as fores that are omplementary to the fores applied by the user, whih areused for the motion ontrol algorithm (Setion 2.3). COOL-Aide uses the fore appliedto propel the devie to infer and maintain a goal in the loal map. UTS Assistant usesfuzzy logi to merge the outputs of its ustom alulation of veloities based on foreand the Vetor Field Histogram (VFH) algorithm of the autonomous navigation module.Fuzzy logi is partiularly appropriate in this ase, beause it provides a smooth outputfor inputs that are not always well-de�ned.Table 2.8 Shared-ontrol systems of fore-guided robots.Robots Shared-ontrol systemsLoomaid Unspei�edAtive RT-Walker No shared-ontrol: the user drives the robotMOBIL No shared-ontrol: the user drives the robotPower-assisted walker No shared-ontrol: the user drives the robotGait Assistant No shared-ontrol: the robot ontrols theheading, the user ontrols the veloityGuido No shared-ontrol: the user ontrols propul-sion, and the robot ontrols steeringWAR No shared-ontrol: the devie is either drivenor guides its userCMU Roboti Walker Three operational modes with di�erent levelsof ontrol for the user and the robotCare-O-Bot II Path modi�ation based on inferred user's in-tentSmartWalker Shared-ontrol based on an adaptive algo-rithmAZIMUT-3 Shared-ontrol mixes user's intent and obsta-le avoidane algorithmPassive RT-Walker Shared-ontrol based on a motion ontrol al-gorithmCOOL-Aide Control is given to the user, unless an obsta-le is too loseUTS Assistant A fuzzy logi omponent mixes two ontroloutputs



CHAPTER 3FORCE-GUIDANCE OF AZIMUT-3The robots presented in Chapter 2 are spei�ally designed to be fore-guided, and requirefores to be applied to spei� loations on the platform. This an be limiting and aneven a�et safety of the system when used in the real world. This alls for a system wheresafety and user satisfation prevail, using a human-robot interfae that is as simple andas natural as possible.As a solution, we deided to study how the omnidiretional platform AZIMUT-3, shownin Figure 3.1, ould be used as a seure, fore-guided platform. AZIMUT-3 is a platformdeveloped at IntRoLab 1, the Intelligent, Interative, Integrated, Interdisiplinary RobotiLaboratory of the Université de Sherbrooke. It uses four propulsion and steerable wheelsalled AZIMUT wheels. Eah of these wheels is made of a bakdrivable DC brushlessmotor for propulsion and a Di�erential Elasti Atuator (DEA) for steering. The DEA,also developed at IntRoLab, an be ontrolled in position, veloity and torque, makingit ompliant. It provides ontrolled mehanial elastiity by reduing internal mehaniale�orts through the presene of a spring element. The DEA is oneptually similar to SeriesElasti Atuator (SEA) [30, 42℄, but uses a di�erential oupling instead of a serial ouplingbetween a high impedane mehanial veloity soure and a low impedane mehanialspring. This results in a more ompat and simpler solution, with similar performanes.Using DEA for wheel steering on AZIMUT-3 gives the platform a unique elasti behavior,or a kind of horizontal suspension, and when pushed, the fores and torques sensed throughDEA an be used to derive an intended diretion, and therefore assist user's motion.Sensing fores and torques diretly from the steered axes makes it possible to apply foreson all the robot's struture (and not just on instrumented handlebars). The hallengeis to derive the intended fore and torque applied on the platform from the fores andtorques measured on the four steering axes. AZIMUT-3 an be equipped with laser range�nders, making it possible to implement navigation, obstale avoidane and, onsequently,shared-ontrol apabilities.To ondut this study, our methodology onsisted in �rst validating our approah in sim-ulation before initiating trials on the real robot. This allowed us to safely and rapidly1. http://introlab.gel.usherbrooke.a/mediawiki-introlab/index.php13
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Figure 3.1 AZIMUT-3.experiment ideas and onepts. Webots 2 is used beause of its preise physial simu-lations (i.e., omputing fores and torques) using ODE (Open Dynamis Engine 3). Itsarhiteture also makes it possible to use the same C++ ode between the simulator andthe real platform, and also to be interfaed with existing libraries suh as ROS (RobotiOperating System 4) that is used on AZIMUT-3.

2. http://www.yberbotis.om/3. http://www.ode.org/4. http://www.ros.org/wiki/



CHAPTER 4SECURED FORCE-GUIDANCE OF THE OM-NIDIRECTIONAL NON-HOLONOMIC PLAT-FORM AZIMUT-3
4.1 ForewordAuthors and a�liations:J.Frémy reeived his Master's of Siene in eletronis, automatism and omputer sieneat the Eole Supérieure d'Eletronique de l'Ouest (ESEO) of Angers, Frane in 2009. Sine2007, he is a andidate for a Master's degree in Eletrial Engineering at the Universitéde Sherbrooke, Québe, Canada.F.Mihaud (M'90) reeived his bahelor's degree ('92), Master's degree ('93) and Ph.D.degree ('96) in Eletrial Engineering from the Université de Sherbrooke, Québe, Canada.After ompleting postdotoral work at Brandeis University, WalthamMA ('97), he beamea faulty member in the Department of Eletrial Engineering and Computer Engineeringof the Université de Sherbrooke, and founded IntRoLab (formerly LABORIUS), a researhlaboratory working on designing intelligent autonomous systems that an assist humansin living environments. Prof. Mihaud is the Canada Researh Chairholder in MobileRobots and Autonomous Intelligent Systems, and the Diretor of the InterdisiplinaryInstitute for Tehnologial Innovation. He is a member of IEEE, AAAI and OIQ (Ordredes ingénieurs du Québe). In 2003, he reeived the Young Engineer Ahievement Awardfrom the Canadian Counil of Professional Engineers.M. Lauria reeived his M.S. in Miro-engineering in 1997 and his Dotoral degree in2003 from the Swiss Federal Institute of Tehnology (EPFL). From 2003 to 2009, he wasProfessor at the Department of Eletrial and Computer Engineering of the Université deSherbrooke, Québe, Canada. Sine 2009, he is Professor at the University of AppliedSienes Western Switzerland (HES-SO).Submission date: November 16, 2010.Journal: IEEE Transations on Robotis. 15



16 CHAPTER 4. SECURED FORCE-GUIDANCE OF THE OMNIDIRECTIONALNON-HOLONOMIC PLATFORM AZIMUT-3Contribution: In the artile we desribe our approah to the researh problem introduedin Chapter 3. Therefore we present an algorithm to derive the user's physial intent fromthe torques measurements on the wheel axis of a robot. We also present a shared ontrolmethod that determines a safe but as lose as possible from user's intent using a laserrange �nder. Tests are also presented to validate these ontributions. Further informationon the alulation introdued in Setion 4.5.1 are presented in Appendix A, and moredetails on the implementation of the arhiteture evoked in Setion 4.5 in Appendix B.Frenh title and abstrat: Contr�le en fore de la plateforme non holonome AZIMUT-3.Pouvoir guider et être guidé physiquement omme une personne est une apaité qui seraitintéressante pour les robots, pour les aides à la mobilité par exemple, ou enore permettreune interation humain-robot naturelle. Une solution est de plaer des apteurs en foreà des endroits préis sur le robot pour déteter l'intention de l'utilisateur, mais ela limiteles emplaements où es interations peuvent avoir lieu. Une alternative onsiste à utiliserles données de ouple de roues orientables sur une plateforme omnidiretionnelle non-holonome. Cela permet de perevoir les fores appliquées sur la plateforme diretementvia son méanisme de loomotion. Cet artile présente une approhe pour guider en foreAZIMUT-3, un robot équipé de moteurs di�érentiels élastiques et ontr�lés en ouple pourorienter ses roues tout en restant en mouvement. Les résultats de tests en situation réellemontrent que notre approhe permet de déplaer AZIMUT-3 en réponse à des ommandesphysiques données par un être humain poussant le robot tout en faisant éviter à e dernierles obstales et ollisions.



4.2. INTRODUCTION 17ABSTRACTPhysially guiding someone or being guided is an interation apability that would bebene�ial for robots, for instane for mobility assitanes, or allowing a natural human-robot interation. One solution is to plae fore sensors at spei� loations on the robotto detet the user's intent, but this limits where physial interation an our. Analternative onsists in using torque data from steerable wheels of an omnidiretional non-holonomi platform, making it possible to pereive fores applied on the platform throughits loomotion mehanism. This paper presents an approah to fore-guide AZIMUT-3, a mobile robot equipped with bakdrivable and torque ontrolled di�erential elastiatuators for ative wheel steering. Real world results demonstrate that our approahallows AZIMUT-3 to move in response to physial ommands given by a human pushingit while avoiding obstales and ollisions.4.2 INTRODUCTIONTo make robots move from industrial to natural settings, they must be able to interatsafely and naturally in diret physial ontat with people. However, most mobile robotsare still atuated with motors that are not bakdrivable. Thus, when a ontat oursbetween the robot and an objet or a human being, both the motors and the enounteredentity must be able to sustain the shok. Yet, humans use diret physial interationsto in�uene their motion. For instane, guiding someone by holding his/her hand orthe shoulders is very ommon. Suh natural interfae would be bene�ial for mobilerobots too, instead of relying on remote ontrollers (e.g., joystiks, gamepads) or havingto physially arry the robot. In suh a senario, the robot's motors should be put touse for moving in the diretion given by someone physially guiding the robot. Suh aplatform must be able to safely support physial ontats, and respond appropriately. Inaddition, the robot ould still use its sensors to guarrantee motion safety. Suh apabilitiesare inherently appliable to mobile devies suh as motorized arts, eletri wheelhairs,et.This paper presents an omnidiretional mobile platform (AZIMUT-3), that an detetfores on the horizontal plane and move in the intended diretion [10, 11℄. To do so, theplatform resorts to orientable wheels motorized using di�erential elasti atuators (DEA)[20℄, whih provide ompliane, safety and torque ontrol apabilities. This design providesa natural physial interfae without requiring the use of ostly sensors suh as six Degrees



18 CHAPTER 4. SECURED FORCE-GUIDANCE OF THE OMNIDIRECTIONALNON-HOLONOMIC PLATFORM AZIMUT-3Of Freedom (DOF) fore/torque sensors. In addition, lidar data are used by the ontrolalgorithm to safely guide AZIMUT-3 by physial interation.The paper is organized as follows. Setion 4.3 presents an overview of systems guidedthrough physial interations, suh as objet-transportation and walking assistant devies.Setion 4.4 introdues our platform and its harateristis. Setion 4.5 desribes its ontrol,allowing it to sense the fores through the DEAs and to take into aount lidar measuresto generate ommands in agreement with user's intent and safeness. Finally, setion4.6 presents the results obtained in real-world trials, demonstrating the feasibility of theonept.4.3 Fore-Guided Mobile PlatformsTo date, fore-guided mobile platforms are either motorized arts or roboti walkers. Table4.1 summarizes these platforms aording to the following harateristis:� Passive (P) / Ative (A) platforms: a passive platform an steer its joints but requiresa human to propel it, limiting its usage and the equipment it an arry. An ativeplatform has propulsion whih makes it possible to assist user's motion.� Omnidiretionality: an omnidiretional platform an move in all diretions withouthanging its orientation, providing better maneuverability.� Obstale avoidane: the platform is equipped with range sensors and an reat to ob-stales.� Shared-ontrol: the platform ombines user's intent with navigation data to ontrolmotion. We onsider ontrol to be shared when in�uenes derived from the user and fromother soures (e.g., obstale detetion) ontribute simultaneously to derive the atuationommands. A speial ase, identi�ed as Sep, happens when user inputs are used toontrol separated degrees of freedom (e.g., user inputs ontrol the robot's propulsionand proximity sensory data in�uene steering).For the ative platforms listed in Table 4.1, fore and torque sensors are integrated inhandle bars plaed on the platforms, limiting the appliation of fores to spei� loa-tions on the robot. This requires sophistiated fore/torque sensors and ontrol systems.Training is also required to allow users to learn how to operate the platform, limiting thesimpliity of diret physial interation with the platform. In addition, only a few of theseplatforms have shared-ontrol apabilities. The Passive RT-Walker and Ative RT-Walkeruse a damping model of their platforms and apply a ontrol algorithm that takes the de-sired fores as inputs. However, large fores and torques have to be applied to reah areas



4.3. FORCE-GUIDED MOBILE PLATFORMS 19Table 4.1 Fore-guided mobile platforms.Platform Passive (P) Omnidire- Obstale Shared-Ative (A) tionality avoidane ontrolCOOL-Aide [40℄ P No Yes SepGuido [18℄ P No Yes SepPassive RT-Walker [14℄ P No Yes YesPower-Assisted Walker [8℄ A No No NoLoomaid [24℄ A No Yes N/ARoTa [33℄ A No Yes NoMOBIL [32℄ A No Yes NoCare-O-Bot II [12℄ A No Yes YesGait Assistant [26℄ A No Yes NoWAR [34℄ A No Yes NoCMU Roboti Walker [25℄ A Yes Yes YesAtive RT-Walker[6℄ A Yes Yes YesSmartWalker [37℄ A Yes Yes YesUTS Assistant [22℄ A No Yes Yes
lose to obstales and stairs beause virtual fores omputed in these ases are high. ForCare-O-Bot II, shared-ontrol onsists of ativating a behavior suh as wall-following ordoking when the di�erene between user intent and obstale avoidane ontrol is above athreshold. However, this requires omplex logi and the de�nition of behavior ativationthresholds, and ompliates the addition of new behaviors. The CMU Roboti Walkeruses a prede�ned path to a target to in�uene user's motion: if the user goes away fromthe prede�ned path, the platform slows down to eventually ome to a stop, waiting forthe user to push it towards the prede�ned path again. Similarly, SmartWalker ondutsan online evaluation of the user's performane, partly based on the di�erene between theprede�ned path and the atual path, and gives more or less ontrol to the user based onthis evaluation. These last two approahes omplexify motion ontrol beause the userhas to expliitly ommuniate to the robot the prede�ned path toward the intended tar-get. The UTS Assistant merges the intended and desired veloities using a fuzzy logiontroller, whih however requires to optimize multiple membership funtions for eahuser.With AZIMUT-3, our objetive is to demonstrate fore-guiding apabilities of an omnidi-retional platform not limited to sensing fores at spei� loations (e.g., handle bars orjoystiks), using a novel and safe and shared-ontrol approah.



20 CHAPTER 4. SECURED FORCE-GUIDANCE OF THE OMNIDIRECTIONALNON-HOLONOMIC PLATFORM AZIMUT-34.4 AZIMUT-3, an Omnidiretional Platform with Fore-Controlled Steerable WheelsAZIMUT-3, shown in Fig. 4.1, is an omnidiretional, non-holonomi four-wheel steerableplatform. It omes equipped with a Mini-ITX, 2.0 GHz Core 2 duo proessor running Linuxwith real-time pathes (RT-PREEMPT). Its hardware arhiteture is made of distributedmodules for sensing and low-level ontrol, ommuniating with eah other through a 1Mbps CAN bus [23℄. The platform has a 34 kg payload and an reah a maximum veloityof 1.47 m/s. Nikel-metal hybrid batteries provide power to the platform for about halfan hour autonomy at maximum speed.

Figure 4.1 AZIMUT-3 platform.Omnidiretionality of AZIMUT-3 is provided by steerable and drivable wheels with alateral o�set from its attahment point (referred to as AZIMUT Wheels [21℄). Comparedto other wheels used on omnidiretional platforms, they are lighter and mehaniallysimpler than Swedish wheels and provide a built-in horizontal suspension system absentwhen ative aster wheels are used. They also permit to lower the hassis' height. Apassive vertial suspension made of four Rosta springs is used to onnet the steerablewheels to AZIMUT-3's hassis, allowing the wheels to keep ontat with the ground onuneven surfaes.AZIMUT-3's wheels are eah made of a propulsion atuator and a steer atuator. Thepropulsion atuator onsists of a DC brushless motor (K064050-3Y from Bayside) and awheel enoder (E4-300 from US Digital, resolution 0.3 deg). Steering is done using DEAs.A DEA is oneptually similar to a Series Elasti Atuator (SEA [42℄[30℄), but uses adi�erential oupling instead of a serial oupling between a high impedane mehanialspeed soure and a low impedane mehanial spring. This results in a more ompat and



4.4. AZIMUT-3, AN OMNIDIRECTIONAL PLATFORM WITHFORCE-CONTROLLED STEERABLE WHEELS 21simpler solution, with similar performanes. The DEA used for steering is made of a DCbrushless motor (K064050-7Y-2 from Bayside), a wheel enoder (RM44 from Renishaw,resolution 0.2◦) and a reation torque sensor (TRT-500 from Transduer Tehniques).It is possible to ontrol the DEA's mehanial elastiity and visosity in aordane withthe admittane ontrol sheme [15℄ expressed by (4.1):
X(s)

F (s)
=

1

Ds+K
(4.1)where F is the fore sensed at the output of the DEA, D and K are the desired apparentdamping and sti�ness, and X is the measured DEA's steer angle whih determines theorientation of the wheel. This makes the DEA at as an ative elasti element that aninherently absorb shoks, pereive the fores from the environment on the robot andontrol the fores applied bak to the environment.Eah wheel an be steered over a 180◦ range, as shown by the dotted lines in Fig. 4.2, toavoid interferenes with the robot's hassis. To make AZIMUT-3 move, all wheels mustbe preisely oordinated [7℄: they must all be oriented in the same diretion, or have alltheir axis onverge toward one point alled the Instantaneous Center of Rotation (ICR)of the platform. This results in three possible modes of loomotion [21℄, also illustratedin Fig. 4.2 :� Mode 1: ICR is loated in the triangular regions (the right one when the robot is turningright, or the left one when the robot is turning left) on the sides of the platform but notnext to it. This mode is used when the robot has to move forward or do slight turns(i.e., high radius of urvature). When all wheels are parallel, ICR tends toward in�nity.� Mode 2: similar to Mode 1 but for moving sideways.� Mode 3: ICR is loated near the platform's hassis, whih allows the robot to maketight turns (i.e., turns with low radius of urvature) and rotate on itself.Due to physial limitations of the steering axis, hanging modes require the platform toome to a stop. For instane, Fig. 4.3 illustrates the situation when the platform dereasesits turning radius, resulting in a hange of its loomotion mode from Mode 1 to Mode 3:as the turning radius dereases, the wheels must hange their orientation. Elastiity inwheel steering atuation provide safe and robust oordination of the wheels.Fig. 4.2 also illustrates the onstraints we imposed on the ICR in eah mode to limit theomplexity of our approah. Beause DEAs an only detet torques from fores reatinga moment on the wheel's axis, for a given translational diretion (in x or y), lateral fores
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Figure 4.3 ICR de�ned in Mode 1 and Mode 3. Close ICRs in the plane ofmotion an reate disontinuities in the orientation of the wheels.



4.5. FORCE-GUIDANCE OF AZIMUT-3 23annot be deteted. This ours for Mode 1 and Mode 2 in ICR moving on the dashedlines, making AZIMUT-3 move similarly to shopping arts or rollators. For Mode 3, ICRis restrained to be at the enter of the platform (identi�ed by ×), allowing the platformto rotate in plae.4.5 Fore-Guidane of AZIMUT-3Safe fore-guidane of AZIMUT-3 requires to derive push intent from the fores sensedthrough the DEAs to ontrol wheel steering and propulsion of the platform, and to ensurethe safety of the platform by avoiding obstales and ollisions. In this work, we assumethat AZIMUT-3 operates on �at surfaes (i.e., gravity is not onsidered), that the DEAs'admittane ontrol sheme is �xed (i.e., D and K are kept onstant), and fores that areollinear with the wheels' propulsion axis are not onsidered.The ontrol arhiteture is illustrated in Fig. 4.4, and detailed explanations are providedin the following subsetions. To brie�y explain the proess, DEAs provide raw torquereadings T ′

0→i (the torque T from the hassis 0 to the DEA) and angular position βof wheel i, from whih the fore F ′

APP and the torque T ′

APP applied on the hassis areestimated. To ontrol AZIMUT-3's motion, the Mode (as desribed in Setion 4.4) andthe Twist must be determined. A Twist is a vetor ontaining the translational veloity
Vx, the lateral veloity Vy and the rotational veloity Vθ of the robot in the plane. TheMotion Assistane module determines the maximum Twist ommands aording to thefore and torque applied by the user to the platform. The Push Intent module derives agoal g from the fore and torque intent of the user, to let the Loal Path Planner moduledetermine a Twist that also takes into aount obstale avoidane using a loal oupanymap. Finally, the Motion Control module, desribed in [3℄, onverts Twist and modevariables into appliable motor ommands for AZIMUT-3.4.5.1 Applied Fore and Torque Identi�ationThe �rst step in our approah is to derive the applied fore and torque on the platformfrom the fores and torques pereived on eah wheel.First, torques T0→i on eah wheel is evaluated. This requires to �lter the sensor noise ofeah wheel using a seond order Chebyhev low pass �lter H(s) with a normalized uto�frequeny of 0.05 empirially de�ned, as expressed by Equation (4.2).
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Figure 4.4 Fore-guidane ontrol arhiteture.
T0→i−chebychev(s) = T ′

0→i(s).H(s) (4.2)E�ets of the dynamis on the measured torque are approximated by a linear funtionproportional to wheel aeleration φ̈i, as expressed in Equation (4.3). These aelerationsare obtained from the time derivative of the measured veloity of rotation of eah wheel φ̇iand �ltered with a seond order low pass �lter. Cacc has been determined empirially bymeasuring DEA's torque with AZIMUT-3 moving at various veloities. For eah wheel,it is similar to the wheel's inertial moment, but onsiders also the oupling between theDEA and the hassis. To ignore residual torques that an arise from DEA's harmonidrive, a dead zone is set using an empirial threshold Tdz to derive T0→i.
T0→i−inertial = T0→i−chebychev − Cacc.φ̈i (4.3)

T0→i =

{

T0→i−inertial if |T0→i−inertial| > Tdz ;
0 if |T0→i−inertial| < Tdz . (4.4)Equations (4.2), (4.3) and (4.4) therefore express the �ltering proess used to derive torque

T0→i.Seond, Newton's seond law is used to derive a model of AZIMUT-3's hassis. As ex-pressed by (4.5) and (4.6), the fores and the sum of the torques applied to the hassis arenull. Fig. 4.5 illustrates the elements used in this model. P is the enter of the square
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Figure 4.5 Fore and torque model of AZIMUT-3's hassis. Ai refers to theenter of the DEAs, represented by irles.formed by the hassis, Ai is the enter of the DEA belonging to the ith wheel. Ldiag is thedistane between P and Ai, whih is the same for eah i.
−→
0 =

−−−→
F ′

APP +
4

∑

i=1

−−→
Fi→0 (4.5)

−→
0 =

−−−→
T ′

APP +
4

∑

i=1

−−→
Ti→0 +

4
∑

i=1

−−→
PAi ×

−−→
Fi→0 (4.6)where

−−→
Fi→0 =

−−→
F T
i→0

+
−−→
FN
i→0

i = 0...4 (4.7)Newton's seond law an also be applied to a single wheel, as expressed by (4.8) and (4.9)in the FP (axis xP and yP ) referene frame. Fig. 4.6 illustrates the elements of this model.
Ai is the position of wheel i and Bi is the projetion of the wheel's enter of gravity in theplane whih inludes A and P .
Larm is the length between Ai and Bi, whih is the same for eah wheel. GND stands forground and is used to point out fores oming from the ground.

−→
0 =

−−→
F0→i +

−−−−−→
FGND→i (4.8)
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Figure 4.6 Fore and torque model of wheel i.
−→
0 =

−−→
T0→i +

−−→
GiAi ×

−−→
F0→i +

−−→
GiBi ×

−−−−−→
FGND→i (4.9)where

−−→
F0→i =

−−→
F T
0→i +

−−→
FN
0→i (4.10)

−−−−−→
FGND→i =

−−−−−→
F T
GND→i +

−−−−−→
FN
GND→i (4.11)Combining (4.5) and (4.8) for the fores and (4.6) and (4.9) for the torques, vetor −−→F0→iin the frame FGi

de�ned by Gi (axis xGi
and yGi

) is expressed by (4.12). Equation (4.12)is valid in both frames FP and FGi
beause their z-axes are parallel.

FGi
−−→
F0→i =







0

− T0→i

Larm

0






(4.12)with

−−→
T0→i =







0

0

T0→i






(4.13)The known angular position βi of the wheels set the rotation between FGi

and FP , andtherefore FP
−−→
F0→i. Using Newton's third law, FP

−−→
Fi→0 and −−→

Ti→0 an be de�ned as:
FP

−−→
Fi→0 = −FP

−−→
F0→i (4.14)
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FP

−−→
Ti→0 = −FP

−−→
T0→i (4.15)Using (4.5) and (4.6), −−−→F ′

APP and −−−→
T ′

APP an be expressed by (4.16) and (4.17).
−−−→
F ′

APP =







F ′

APPx

F ′

APPy

0






=







∑

4

i=1
−

T0→iz

Larm
.sin(βi)

∑

4

i=1
−T0→iz

Larm
.cos(βi)

0






(4.16)

−−−→
T ′

APP =
4

∑

i=1

−−→
T0→i −

4
∑

i=1







0

0

−Ldiag .
T0→iz

D
.cos(αi + βi)






(4.17)Note that when all wheels are parallel and moving forward, sin(βi) equals 0. Thus thelateral fore F ′

APPx
annot be deteted. This explains why lateral fores are not onsideredwith this model.4.5.2 Mode EvaluationFig. 4.7 illustrates the Finite State Mahine (FSM) used to ontrol mode hanges aordingto the onstraints presented in Setion 4.4. At initialization, the platform is in Mode 3(with Vx and Vy null), from whih Mode 1 and Mode 2 are reahable. When a fore isapplied and exeeds an empirial threshold Ct_f , AZIMUT-3 goes into Mode 1 or Mode2 depending on fore diretion (x or y). The robot remains in the seleted mode until aninativity ounter cin, whih inreases when no fores or torques are pereived, reahes apre-determined period Cin, making the robot go bak into Mode 3.4.5.3 Motion AssistaneThe Motion Assistane module implements a ontroller that makes the platform operatelike an objet with a translational damping DTTF and mass MTTF , and an inertia JRTFand rotational damping DRTF . This is similar to the approah used by SmartWalker[37℄ and Walking Helper [6℄. The mehanial harateristis given to the platform arebounded by stability limits. The ontroller is expressed by (4.18) and (4.19), where V isthe translational veloity and Vθ is the rotational veloity.

V (s)

F ′

APPy
(s)

=
1

MTTF s+DTTF

(4.18)
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Mode 3
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‖FAPPx
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‖FAPPy
‖ > Ct_f

Figure 4.7 FSM for Mode Evaluation.
Vθ(s)

T ′

APP (s)
=

1

JRTF s +DRTF

(4.19)Thus, depending on the modes, Twist ommands are determined as follows:� In Mode 1, Vx equals V in (4.18), Vy equals 0.� In Mode 2, Vx equals 0, Vy equals V in (4.18).� In Mode 3, Vx equals 0, Vy equals 0.4.5.4 Push IntentThe Push Intent module derives a goal position based on F ′

APP and T ′

APP and AZIMUT-3's onstrained motion (as explained in Setion 4.4). As illustrated in Fig. 4.8, the foreapplied in the forward diretion F ′

APPy
and the torque applied T ′

APP determine the polaroordinates (ρg, θg) of the goal point using (4.20) and (4.21):
ρg = Cρg .F

′

APPY
(4.20)

γg = Cγg .T
′

APP (4.21)The trajetory to the determined goal desribes an ar of irle going through the robot'senter. AZIMUT-3 an follow this trajetory sine the ICR of the trajetory lies on thespae reahable by the ICR illustrated by Fig. 4.2. The path points are plaed at regular



4.5. FORCE-GUIDANCE OF AZIMUT-3 29intervals on this ar of irle. Coe�ients Cρg and Cγg are determined empirially (seeSetion 4.6 to have their atual values) to establish a good ompromise between safety(i.e., veloities suitable versus the platform's distane from obstales) and user's ontrolof the devie (i.e., the platform goes where the user atually wants to go).4.5.5 Loal Oupany Map and Loal Plan PlannerThese two modules implement our shared-ontrol mehanism. Fig. 4.9 illustrates theirrole with two simple ases. When the platform is direted toward a wall, no orretion isrequired. However, when the platform is direted to go through a door, the objetive is toprovide a small orretion to avoid a ollision with the edge of the door. These modalitiesare only operational in Mode 1, beause the laser range �nder only faes forward.The Loal Oupany Map module �lters laser range �nder data using a median �lter toderive a loal 2D oupany map, as the one shown in Fig. 4.10. Blak ells representobstales, white ells are unoupied, grey ells are unknown, and the robot is the blakell loated at the enter. Resolution is set based on a trade-o� between auray, safetyand proessing power.The Loal Path Planner module implements an adaptation of the Dynami Window Ap-proah (DWA) [9℄. It simulates several possible paths and evaluates them using the loal2D oupany map. Normally, paths with DWA are derived using a disretization of themaximal veloities. In our partiular ase, paths are only omposed of a translational anda rotational omponents beause of the onstraints on Mode 1. In addition, the transla-tional omponent is always positive beause this module is only ative when the platform isgoing in the forward diretion. The maximum veloities are set using the Twist ommanddetermined by the Motion Assistane module.
S

g(ρg, θg)

ICR

−−−→
FAPP

′

−−−→
TAPP

′

b

Figure 4.8 Push intent derived from F ′

APP and T ′

APP .
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door

platform

door

platform

Figure 4.9 Illustrations of ases when (left) the platform is direted to beplaed in front of a wall, and (right) the platform is direted to go through adoor.

Figure 4.10 Loal 2D oupany map.



4.6. RESULTS 31Paths with obstales are eliminated, and paths free of obstales are evaluated using a ostfuntion C, given by (4.22), with d_goal being the distane between the urrent positionand the goal g, d_path the distane between the urrent position and the path points.
Cd_goal emphasizes distane redution between the �nal point of the andidate trajetoriesand the atual goal. Cd_path is used to minimize the distane between the path points ofthe andidate trajetories and the planned path. The last element of the ost funtion Cadds a omponent proportional to the inverse of the translational veloity, to favor fastertrajetories. The veloity Vx is also a number whih an be positive or null. To avoid thesingularity if Vx is nil, we always add 1 in the ost alulation as expressed by Equation(4.22).

C = Cd_goal.d_goal + Cd_path.d_path + Cspeed.
1

Vx + 1
(4.22)The trajetory with the lowest ost is the one that brings the platform as lose to the goalas possible, the fastest and aording to the planned path. The ost funtion provides agood trade-o� between user's intent, in terms of loation and veloity, and safe navigationby rejeting paths leading to ollisions. A Twist ommand is �nally derived from theurrent position and the �rst path point of the trajetory with the lowest ost.4.6 ResultsWe implemented our fore-guidane approah on AZIMUT-3 using the Roboti OperatingSystem (ROS) framework [28℄. Table 4.2 presents the parameters introdued in Setions4.4 and 4.5 used in our trials.Figure 4.11 illustrates our experimental testbed using AZIMUT-3. To provide omparativedata for evaluating the validity of our approah, we installed a 6 DOF fore/torque sensor(TW-MINI45 from ATI Industrial Automation, 6500$US) on the handle bar's pole. Thissensor provides the fore and torque applied on it in all diretions and around all axes. Itis plaed lose to the point P introdued in Setion 4.5.1. Thus, the transversal fore alongthe forward diretion FAPP and the torque around platform's pole TAPP an be measured,making it possible to ompare with F ′

APP and T ′

APP , derived using torque data from eahwheel.Two sets of trials were onduted: 1) partiipants made the platform follow a desiredpath drawn on the ground, with no obstales and as fast as possible; 2) partiipantswere blindfolded and had to push the platform through an obstale ourse, to evaluate the
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Figure 4.11 Experimental testbed using AZIMUT-3.



4.6. RESULTS 33Table 4.2 Parameters used in our trials.Variable Value Units
D 1 kg.s−2

K 800 kg.s−2

Cacc 5.87e-2 kg.m2

Tdz 2e-2 N.m
Ldiag 0.2501 m
Larm 0.903 m
DTTF 9 kg.s−1

MTTF 10 kg
JRTF 5 kg.m2

DRTF 30 kg.m2.s−1

Ct_f 1.5 N
Vymax 0.5 m.s−1

Cρg 5 -
Cγg 3 -

Cd_goal 0.8 -
Cd_path 0.6 -
Cspeed 0.1 -shared-ontrol mehanism. Eah of these sets of trials involved seven partiipants, seletedthrough onveniene sampling. They had little or no experiene with the platform. Fivepartiipants took part in both sets of trials, arried out two weeks apart.4.6.1 Path FollowingThe experimental setup has a 5 m path. Eah user repeated the test twie in a randomorder so that in one ase, the platform was ontrolled using FAPP and TAPP , and in theseond F ′

APP and T ′

APP was used. The path drawn on the ground provides a generaland ommon ontext to evaluate our approah, with the objetive of demonstrating thefeasibility of fore-guiding a platform using torque sensors loated in steerable wheels. Fig.4.12 illustrates the average trajetories over all partiipants (left) and trajetories for twopartiipants using F ′

APP and T ′

APP who are representative of the trajetories obtained withthese trials. Our intent was not to evaluate the ontrol preision between the platform'spath and the desired path, beause user's intent repeatability annot be guaranteed foreah partiipants and between partiipants. For eah trial, we monitored when the fore
FAPP exeeded a minimal threshold at the beginning, and when the veloity reahed aminimum at the end of the trial, to have a good estimation of their duration. It took onaverage 26.5 se (standard deviation 5.6 se) for the partiipants to follow the path using
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FAPP and TAPP , and 23 se (standard deviation 5.3 se) with F ′

APP and T ′

APP , makingboth approahes equivalent.
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Figure 4.12 Path following observations: (left) Referene trajetory (in green)and average trajetories over all partiipants using F ′

APP and T ′

APP (in blue) and
FAPP and TAPP (in red); (right) referene trajetory (in blue) and trajetoriesfor two partiipants (User 1 in blue and User 2 in red) fore-guiding the platformusing F ′

APP and T ′

APP .Fig. 4.13 illustrates F ′

APP , FAPP , T ′

APP and TAPP , for the trajetories of User 1 and User2. In general, the estimated fore and torque derived from the steerable wheels followsimilar patterns, with a small delay of 10 ms for F ′

APP and T ′

APP whih has few or noin�uene at all on users. This delay is generated by having to derive the user's intent fromthe torque sensed at eah wheel, and an be onsidered negligible.. For the fore, a delaywas observed at startup beause stition on one of the wheels led to a inverse torque onthe wheel's axis ompared to the torque reated by the user's push. Disparities were alsoobserved at 11 se and 20 se for User 1, and 10 se and 17 se for User 2. They an beexplained by important lateral fores exerted on the devie by users when they ome to aturn.Fig. 4.14 transposes veloities omputed with F ′

APP and T ′

APP to illustrate the e�et of thebehavior of the platform aording to parameters de�ned in Setion 4.5.3. As expeted,the veloities omputed are stable and re�et the e�orts applied on the platform.
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Figure 4.13 F ′

APP (solid line) and FAPP (dotted line) with respet to time (top)and T ′

APP (solid line) and TAPP (dotted line) with respet to time (bottom) forUser 1 (left) and User 2 (right).
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Figure 4.14 F ′

APP (blue) and Vx (green) with respet to time (top) and T ′

APP(blue) and Vθ (green) with respet to time for User 1 (left) and User 2 (right).



36 CHAPTER 4. SECURED FORCE-GUIDANCE OF THE OMNIDIRECTIONALNON-HOLONOMIC PLATFORM AZIMUT-3Finally, Fig. 4.15 presents veloities omputed when either F ′

APP and T ′

APP or FAPP and
TAPP are used to ontrol the platform, for User 1 and User 2. These veloities are similarwith roughly the same small delay, as explained above. Note the response time of theplatform an be improved by lowering the values of the mass and inertia fators MTTFand JRTF or the damping fators DTTF and DRTF , but these hanges an also impat thestability of the devie.
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Figure 4.15 Atual Vx omputed with F ′

APP (solid line) and Vx omputed withthe FAPP (dotted line) with respet to time (top) and atual Vθ omputed with
T ′

APP (solid line) and Vθ omputed with the TAPP (dotted line) with respet totime for User 1 (left) and User 2 (right).4.6.2 Shared-Control ApproahThe objetive of these trials was to analyze the ombined in�uenes of push intent andobstale avoidane. As shown in Fig. 4.16, partiipants were blindfolded, and they weretold to try to go through the obstale ourse. The orridor is 2.64 m wide and 3.68 mlong, and three obstales are randomly disposed at six possible positions. The loal 2Doupany map has a resolution of 10 m. The platform is in Mode 3 at start-up and goesinto Mode 1 one the user starts pushing forward.Four of the seven partiipants went through the obstale ourse, while the three othersstopped in front of obstales. The latter ase happened when the platform was pushedat a slow veloity towards an obstale and is the expeted behavior. In�uenes of the



4.7. CONCLUSION AND FUTURE WORK 37shared-ontrol mehanism to avoid obstales are illustrated in Fig. 4.17. The last portionof the trajetory shown right in Fig. 4.17 illustrates the ase of pushing the platformdiretly in front of an obstale, making it stop. Fig. 4.19 also illustrates a ase where therobot is stopped by the wall and an obstale, assuming that the user wanted to park theplatform against the wall.

Figure 4.16 Experimental setup for the shared-ontrol mehanism.
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Figure 4.17 Shared-ontrol example with AZIMUT-3 (blue) going through theorridor and avoiding the obstales (red). Units are in m.4.7 CONCLUSION AND FUTURE WORKThis paper demonstrates that it is possible to exploit the apabilities of Di�erential ElastiAtuators for motorization of steerable wheels to make AZIMUT-3 respond softly to foresand torques from a human physially guiding the robot. This approah has the advantagethat fore-guidane an take plae from almost any point on the platform, and reveals to
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Figure 4.18 Shared-ontrol example with AZIMUT-3 (blue) going through theorridor and avoiding the obstales (red), but bloked at the end of the experi-ment. Units are in m.
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Figure 4.19 Shared-ontrol example with AZIMUT-3 (blue) going through theorridor and avoiding the obstales (red), but bloked at the end of the experi-ment. Units are in m.



4.7. CONCLUSION AND FUTURE WORK 39be a robust and heap alternative ompared to the use of expensive 6 DOF fore sensor.The use of elasti atuators for wheel steering, in addition to allow the platform to before guided, provides an intrisi horizontal suspension to the platform, making it safein ase of ollisions. Our shared-ontrol mehanism also demonstrates that user intentan be ombined with other sensed modalities of the platform to avoid obstales whilebeing pushed by a user. In future work, our next implementation will remove some of theonstraints on the AZIMUT-3 loomotion modes, and will integrate an inlinometer to beable to move on uneven surfaes.ACKNOWLEDGEMENTSThe authors would like to thank Domini Létourneau, Lionel Clavien, François Ferland,Mar-Antoine Legault and all the sta� at IntRoLab for making this work possible. Theyare also grateful to the people who aepted to partiipate in the trials.François Mihaud holds the Canada Researh Chair on Mobile Robotis and AutonomousIntelligent Systems. This projet is funded by the Natural Sienes and EngineeringResearh Counil of Canada and the Canadian Foundation for Innovation.
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CHAPTER 5CONCLUSIONThis work demonstrates how the omnidiretional platform AZIMUT-3, with its atuatedtorque-sensing steerable wheels, ould be used as a seure, fore-guided platform. Using adetailed model to estimate the applied e�orts on AZIMUT-3 from torque measurementson its wheels, an algorithm exploits these e�orts and obstale detetion using laser range�nder data to implement a safe, shared-ontrol approah, without using a global map.Experimental results using the real platform demonstrate feasibility and safe ontrol ofthe system, with performanes similar to using a six degrees of freedom fore sensor but atlower ost and with a broader area for shared ontrol. Our implementation also resultedin oupling the simulation environment Webots with the ROS (Robot Operating System)library fromWillow Garage, to help develop our approah interfaing the simulation beforeporting it on AZIMUT-3.Overall, our work is a �rst attempt in demonstrating how it is possible to naturally interatby physially moving or positioning a mobile platform in real life settings, a apabilitywhih ould be useful for instane in the design of powered shopping arts or ativewalkers. Our shared-ontrol algorithm is also an original ontribution ompared to whathas been presented so far in the researh literature. For future work, the approah shouldbe extended to allow ICR not to be restrited to move on lines in eah mode, for enhanedmotion apability. An inlinometer should also be added to the platform to remove thein�uene of gravity when the platform operates on an uneven terrain.
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ANNEX ADETAILLED CALCULATION OF APPLIEDFORCE AND TORQUEThis appendix presents in more detail alulations to derive Equations (4.16) and (4.17).A.1 Calulation of F ′
APPStarting from Equation (4.8) :
−−→
F0→i = −

−−−−−→
FGND→i (A.1)whih gives using (4.9) :

−→
0 =

−−→
T0→i +

−−→
GiAi ×

−−→
F0→i +

−−→
GiBi ×−

−−→
F0→i (A.2)Equation (A.2) indiates that there is a simple ouple applied on the wheels axes, whosetorque M an be expressed as:

−→
M =

−−→
AiBi ×

−−→
F0→i (A.3)Equation (A.2) an be simpli�ed as :

−−→
T0→i = −

−→
M (A.4)In frame FGi

, −−→F0→i an be expressed as:
FGi

−−→
F0→i =





FGiF0→ix
FGiF0→iy

0



 (A.5)
FGi

−−→
AiBi =





Larm

0
0



 (A.6)From (A.3), (A.4), (A.5) and (A.6), FGi

−−→
T0→i an be expressed as:

FGi
−−→
T0→i =





0
0

FGiT0→iz



 = −





Larm

0
0



×





FGiF0→ix
FGiF0→iy

0



 =





0
0

−Larm.
FGiF0→iy



 (A.7)43



44 ANNEX A. DETAILLED CALCULATION OF APPLIED FORCE AND TORQUEUsing the assumption introdued in Setion 4.5 (fores ollinear with the wheels' propul-sion axis are not onsidered):
FGi

−−→
F0→i =





0
FGiF0→iy

0



 (A.8)
FGi

and FP are de�ned in the same plane, thus :
FGiT0→iz =

FP T0→iz = T0→iz (A.9)From (A.7) and (A.9) :
FGi

−−→
F0→i =





0

−T0→iz

Larm

0



 (A.10)There is a rotation of angle −βi between frames FGi
and FP , de�ning the rotation matrix

RFGi
FP

matrix :
RFGi

FP
=





cos(−βi) −sin(−βi) 0
sin(−βi) cos(−βi) 0

0 0 0



 =





cos(βi) sin(βi) 0
−sin(βi) cos(βi) 0

0 0 0



 (A.11)Using (A.10) and (A.11) :
FP

−−→
F0→i = RFGi

FP
.FGi

−−→
F0→i =





−
T0→iz

Larm
.sin(βi)

−T0→iz

Larm
.cos(βi)

0



 (A.12)Now, using Newton's third law :
−−→
F0→i = −

−−→
Fi→0 (A.13)

−−→
T0→i = −

−−→
Ti→0 (A.14)Using (A.12) and (A.13), (4.5) an be expressed as :

−−−→
F ′

APP =





FAPPx

FAPPy

0



 =





∑

4

i=1
−

T0→iz

Larm
.sin(βi)

∑

4

i=1
−T0→iz

Larm
.cos(βi)

0



 (A.15)



A.2. CALCULATION OF T ′

APP 45A.2 Calulation of T ′
APPUsing (A.3), (A.4) and (4.15), (4.6) an be expressed as :

−−−→
T ′

APP =

4
∑

i=1

−−→
T0→i −

4
∑

i=1

−−→
PAi ×

−−→
Fi→0 =

4
∑

i=1

−−→
T0→i −

4
∑

i=1

−−→
PAi ×−

−−→
F0→i

=

4
∑

i=1

−−→
T0→i −

4
∑

i=1









Ldiag .cos(
FPαi)

Ldiag.sin(
FPαi)

0



×





−T0→iz

Larm
.sin(βi)

−
T0→iz

Larm
.cos(βi)

0









=
4

∑

i=1

−−→
T0→i

−

4
∑

i=1





0
0

Ldiag.cos(
FPαi).−

T0→iz

Larm
.cos(βi)− Ldiag.sin(

FPαi).−
T0→iz

Larm
.sin(βi)





=
4

∑

i=1

−−→
T0→i

−

4
∑

i=1





0
0

−Ldiag .cos(
FPαi).

T0→iz

Larm
.cos(βi) + Ldiag.sin(

FPαi).
T0→iz

Larm
.sin(βi)





=

4
∑

i=1

−−→
T0→i −

4
∑

i=1





0
0

−Ldiag .
T0→iz

Larm
.cos(FPαi + βi)



 (A.16)
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ANNEX BROS ARCHITECTUREThe ROS framework has been hosen for the development of the projet. It o�ers anexeution environment for proesses alled nodes in ROS.Data transfers between nodes, whih is a reurrent problemati in robotis, is done throughtopis. Coneptually, topis are queues of messages on whih nodes an publish and orsubsribe. Messages have a ustomizable ontent (integers, �oats, arrays, string, ...) andthey are identi�ed with their names whih are assoiated to only one topi. It is possibleto nest these names in namespaes to redue this onstraint. This is a very versatilemode of ommuniation sine neither subsriber or publisher are required for the nodesto funtion.ROS also omes with several features to ease monitoring and debugging proesses suh asplotting tools, simulations engines, and so on.The ROS arhiteture developed in the projet is as follows. For the sake of simpliity,representations of topis have been redued to named arrows.user_fore_ontrol. This node is related to what is overed in Setions 4.5.1, 4.5.2and part of 4.5.4 (for omputing user's goal). It reeives the state of AZIMUT-3 madeof the angular veloities of the propulsion motors, the angular position of the DEAs, and�nally the torques pereived on the DEAs' outputs. From this information, a Twist nameduser_md_vel is alulated and a global plan is generated. The global plan is made of agoal position and of a suession of positions that lead to it. Both are transmitted to thenode ros_loal_avoidane.

Figure B.1 A lassial ROS arhiteture.47
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Figure B.2 ROS arhiteture of AZIMUT-3.



49ros_loal_avoidane. This node is in harge of what is developed in Setion 4.5.4.This node uses the input of the �ltered laser sans (provided by nodes hokuyo_node forthe laser and laser_�lter for the �lter). With these, it internally maintains a ostmapthat is a disrete and regular representation of its environment that assoiates a ost toeah setion de�ned by the map. The positions of the goal and the positions leading to itare also positioned on that map. The trajetories generated by the DWA algorithm [9℄ areevaluated with a alulation inluding distane to the goal and the trajetory to follow,and distane to obstales to seure the trajetory.shared_ontrol. This node provides ontrol between the Twist generated by the userand the Twist generated by the autonomous navigation. It also permits to transmit theuser Twist diretly to the following nodes when the autonomous navigation is not ativated,suh as when the platform is going bakwards in Mode 1, or in the other modes.intelligent_walker_supervisor. This node ompels the ICR to the Mode 1 or 2 whenthe platform is one of theses modes. It also adjusts the default position of the ICR (andthus the wheels' positions) when a nil Twist is provided, depending on the urrent mode.Indeed, in most of the ases the mode should stay the same even if a null Twist is givento avoid mode hanges. Moreover, we sometimes wants to reset the ICR too, as explainedin Setion 4.5.2. This is done by this node.twist_to_ir. This node is in harge of onverting a Twist into the ICR de�ned on aRiemann sphere (see [7℄).azimut_node. This node manages the platform and in partiular its low level modulessuh as the ommuniations on the CAN bus to update the state of the robot whih isused by other nodes.
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