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ABSTRACT

This thesis presents a tentative advancement on walkingotaf small quadruped and humanoid
position controlled robots, addressing the problem of wggkeration by combining dynamical sys-
tems approach to motor control, insights from neuroetholegearch on vertebrate motor control and
computational neuroscience.

Legged locomaotion is a complex dynamical process, dedpite¢emingly easy and natural behav-
ior of the constantly present proficiency of legged animBlssearch on locomotion and motor control
in vertebrate animals from the last decades has broughetatthntion of roboticists, the potential of
the nature’s solutions to robot applications. Recent kedgé on the organization of complex motor
generation and on mechanics and dynamics of locomotion éas successfully exploited to pursue
agile robot locomotion.

The work presented on this manuscript is part of an efforthengursuit in devising a general,
model free solution, for the generation of robust and adidg@taalking behaviors. It strives to devise a
practical solution applicable to real robots, such as theySmuadruped AIBO and Robotis’ DARwIn-
OP humanoid. The discussed solutions are inspired on thdidmal description of the vertebrate
neural systems, especially on the concept of Central Ra@enerators (CPGSs), their structure and
organization, components and sensorimotor interactidhgy use a dynamical systems approach for
the implementation of the controller, especially on the afseonlinear oscillators and exploitation of
their properties.

The main topics of this thesis are divided into three parts.

The first part concerns quadruped locomotion, extendingaqus CPG solution using nonlinear
oscillators, and discussing an organization on three tukieal levels of abstraction, sharing the pur-
pose and knowledge of other works. It proposes a CPG solutioch generates the walking motion
for the whole-leg, which is then organized in a network fa groduction of quadrupedal gaits. The
devised solution is able to produce goal-oriented locoomoéind navigation as directed through high-
level commands from local planning methods. In this pativadalance on a standing quadruped is
also addressed, proposing a method based on dynamicahsyapproach, exploring the integration of
parallel postural mechanisms from several sensory magkaliThe solutions are all successfully tested
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on the quadruped AIBO robot.

In the second part, is addressed bipedal walking for hundaratiots. A CPG solution for biped
walking based on the concept of motion primitives is progpsaosely based on the idea of synergistic
organization of vertebrate motor control. A set of motioimjitives is shown to produce the basis
of simple biped walking, and generalizable to goal-oridntealking. Using the proposed CPG, the
inclusion of feedback mechanisms is investigated, for rfaitun and adaptation of walking, through
phase transition control according to foot load inform@atid he proposed solution is validated on the
humanoid DARwIN-OP, and its application is evaluated withiwhole-body control framework.

The third part sidesteps a little from the other two topitslidcusses the CPG as having an alterna-
tive role to direct motor generation in locomotion, servingtead as a processor of sensory information
for a feedback based motor generation. In this work a reflerdbavalking controller is devised for the
compliant quadruped Oncilla robot, to serve as purely faekltbased walking generation. The capa-
bilities of the reflex network are shown in simulations, daed by a brief discussion on its limitations,
and how they could be improved by the inclusion of a CPG.

Keywords: Legged robots, locomotion, central pattern generatosllaters, dynamical systems,
reflexes



SUMARIO

Esta tese apresenta uma tentativa de avango no controloaiedgao para pequenos robds quadru-
pedes e bipedes controlados por posicéo, enderecandolerpeotie geracdo motora através da com-
binacdo da abordagem de sistemas dindAmicos para o contodéy, ra perspectivas de investigacdo
neuroetologia no controlo motor vertebrado e neurociécmmputacional.

Andar é um processo dindmico e complexo, apesar de pareceomportamento facil e natural
devido a presenca constante de animais proficientes em égé@anterrestre. Investigacdo na area da lo-
comocao e controlo motor em animais vertebrados nas Ultieeedas, trouxe a atengdo dos roboticis-
tas o potencial das solu¢des encontradas pela naturezadgdia aplicacdes robéticas. Conhecimento
recente relativo a geracdo de comportamentos motores erospk da mecanica da locomocgéao tem
sido explorada com sucesso na procura de locomog¢éo agibotaa.

O trabalho apresentado neste documento € parte de um esfodgsenho de uma solucdo geral,
e independente de modelos, para a geragéo robusta e ad@sté&@mportamentos locomotores. O
foco é desenhar uma solucdo prética, aplicavel a robds tahisomo o quadripede Sony AIBO e
o humandéide DARwIN-OP. As solucdes discutidas séo inspiradh descricdo funcional do sistema
nervoso vertebrado, especialmente no concei@atdral Pattern Generator€CPGs), a sua estrutura e
organizacdo, componentes e interaccdo sensorimotoras &sticoes sdo implementadas usando uma
abordagem em sistemas dindmicos, focandos o uso de osedathio lineares e a explorando as suas
propriedades.

Os topicos principais desta tese estéo divididos em trésar

A primeira parte explora o tema de locomocao quadripedeneipdo solucbes prévias de CPGs
usando osciladores nao lineares, e discutindo uma orgd&uizam trés niveis de abstraccao, partil-
hando as ideias de outros trabalhos. Propde uma solucdo @eq@Pgera os movimentos locomo-
tores para uma perna, que € depois organizado numa redey perducao de marcha quadripede. A
solucao concebida é capaz de produzir locomoc¢éo e navegagdandada através de comandos de alto
nivel, produzidos por métodos de planeamento local. Nesta ppmbém enderecado o problema da
manutenc¢do do equilibrio num robd quadripede parado, pdopom método baseado na abordagem
em sistemas dinamicos, explorando a integracdo de meaasjswsturais em paralelo, provenientes de
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varias modalidades sensoriais. As solu¢cfes sdo todaddestam sucesso no robd quadrupede AIBO.

Na segunda parte é enderecado o problema de locomog&o .biguteposto um CPG baseado
no conceito denotion primitives baseadas na ideia de uma organizagao sinergética doloanttor
vertebrado. Um conjunto dmotion primitivesé usado para produzir a base de uma locomogéao bipede
simples e generalizavel para navegacao. Esta proposta @e@Bada para de seguida se investigar
a inclusdo de mecanismos fddbackpara modulagéo e adaptacdo da marcha, através do controlo de
transicBes entre fases, de acordo com a informacéo de casgaéd. A solucdo proposta € validada
no robd humandide DARwIN-OP, e a sua aplicagdo no contextradweworkde whole-body controé
também avaliada.

A terceira parte desvia um pouco dos outros dois tépicoscuiiso CPG como tendo um papel
alternativo ao controlo motor directo, servindo em vez cammoprocessador de informacdo sensorial
para um mecanismo de locomoc¢ao puramentéeeatback Neste trabalho € desenhado um controlador
baseado em reflexos para a geragdo da marcha de um quadcopguliant As suas capacidades sédo
demonstradas em simulacao, seguidas por uma breve distizsauas limitacdes, e como estas podem
ser ultrapassadas pela inclusdo de um CPG.

Palavras-chave: Locomocéo robdtica, central pattern generators, osaieigistemas dindmicos,
reflexos
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CHAPTER 1

INTRODUCTION

The present manuscript describes the work the author dmelthroughout his doctoral studies
while integrated in the Adaptive System Behaviour Group aiversidade do Minho. This work ad-
dresses the problem of walk generation for legged robotmbining insights of dynamical systems
theory, concepts from computational neuroscience andigshdt presents a tentative advancement for
walking control on small quadruped and humanoid positiomtraied robots through the application
of concepts from neuroethology research on vertebratenootdrol and the concept of Central Pattern
Generator (CPG).

Motivation Legged locomotion is characterized by a discrete sequeimmgpport points for support
of the body and progression on the environment. The abdityxplicit choose support points present
several advantages over other forms of robot locomotiosseting a better alternative for mobility
on certain tasks on unstructured environments. It has thentalge of minimal environment impact,
high maneuverability on unstructured terrains with thesiabty of negotiating obstacles and terrains’
features, while enabling to decouple between the base argtdlind, providing attitude manipulation.

However, to achieve agile robot legged locomotion, manyiehging problems and requirements
must be addressed. Broad research topics are includeddhwaltking, including the problems related
with mechanical design, such as energy efficiency and astuatethod, or problems related with the
control of walking, dealing with environment perceptiotarming and high redundancy of the closed-
loop kinematics. Agile locomotion requires the controlloé dynamical interactions between the robot
and the environment, possibly partially unknown and suliganperceived perturbations. Generated
motions are required to provide support for the body’s weighile producing the necessary propulsion
and maintaining the balance as it negotiates the varieditefeatures, where each foot placement is
a potential disturbance to the robot stability. As a pdytiablved problem with a great potential for
mobility and autonomy, legged locomotion is a very intergstesearch field related to dynamic motor
control in robotics.

One usually does not realize the complexity of legged lod@mmaunless one ponders on it, espe-
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cially because walking, running and climbing are ubigustailities in one’s life experience. Legged
animals are proficient walkers on unstructured terrainsaaadable to generalize their ability to unex-
plored terrains by choosing appropriate strategies onyheithin their motor abilities. These abilities
have always roused the interest of researchers on unddirggahe neural mechanisms governing mo-
tor behavior. Research in the last decades has brought msigyts on vertebrate motor control, on
the organization of the central nervous system (CNS), orctimérol of voluntary movements and on
the centers responsible for the production of rhythmic mattions, the CPG, including those of loco-
motion.

Inspiration from the concept of CPGs and the dynamic intemas of sensory feedback processes
have been used for a while in the design of robotic solutidhs believed that if reaching an under-
standing of the mechanisms at play in the control of locoomtone can design a better controller able
to achieve flexible and adaptive robot walking.

Goals and methods The work herein presented is part of a wider team project kvbitdeavors to
achieve general and autonomous robot walking by designiogioller capable of generating purpose-
ful, robust locomotion for unknown and irregular terraifiie project focus the research on the use of
the CPG concept and on a dynamical systems approach for signhd# a walking control mechanism
for small quadruped and small biped robots.

In the present work is chosen an abstract approach for thigndeg a walking controller based
on the concept of CPGs, such that the proposed models aez beited for robotic implementation.
It addresses the problem from an engineering perspecttieer than trying to faithfully model the
neuronal circuits and organization, it takes inspiratiamf the functional description of the vertebrate
CNS, CPGs, their structure and organization, componemtSamsorimotor interactions.

The proposed solution relies on the dynamical systems apprior the implementation of the con-
troller, especially on the use of nonlinear oscillators erploitation of their properties. The dynamical
systems approach has proven to be successful in severdicrapplications([44, 91,94, 189, 192, 198],
providing desirable features for dynamic motor control.rthermore, the proposed model extends
other’s [44],174] and the team’s related work on: posturatmwd [36]; locomotion-induced head move-
ment minimization[[186]; gait transition [131] and a drunmgitask [46]. This choice allows to apply
previously proposed mechanisms and solutions, and endigleharing of the advancements within the
framework.

The goal is to devise a general model free solution using tbeuslsed framework, capable of
arbitrarily generate complex movements for the executiodifterent locomotor behaviors. The used
framework allows the inclusion of feedback mechanismsbkemgthe influence of sensory information
from multiple modalities for the correction and adaptatdthe produced rhythmic motions, to achieve
a more robust, flexible and adaptive walking. It aims to desigsolution which achieves a correct
coordination and timing of motor patterns, posture and Wiehaelection to environment and body
changes through feedback mechanisms.

The present work strives to devise a practical solutioniegbple to real robots, such as the Sony’s



3 CHAPTER 1. INTRODUCTION

quadruped AIBO and Robotis’ DARwINn-OP humanoid.

Contribution  The contributions of the present work relates to the advaeo¢ and expansion of
capabilities of current solutions based on the concept @<£&hd dynamical systems for the control of
walking robots. It addresses the problem of quadruped gretlbivalking by proposing two solutions
which are based on two current views on the possible orgémizaf vertebrate CPGs.

Purposeful, goal-oriented quadruped omnidirectionabtaction has been accomplished on a CPG
based solution. The proposed organization of intercoedeascillators within a CPG allows for whole
coordinated leg control, requiring no explicit low-levdapning. The proposed CPG is capable of
producing rhythmic and discrete motions for all three jgiinta leg, including double peak motions for
the knee joint, reducing the dimensionality of the low-lesentrol of the end effectors. Furthermore,
gquadrupedal gaits are achieved as a result of the coordinatieraction among the CPGs, enabling
the performance of different quadruped gaits. The propssédion successfully decouples low-level
planning and trajectory generation from high-level plaignof the walking task, as demonstrated in
simulated and real quadruped robots [184]185].

A method for active balance on a standing quadruped was atgmged. Based on the features
of dynamical systems approach, it accomplishes the irtiegraf parallel postural mechanisms from
several sensory modalities. It was demonstrated in simualand in a quadruped platform that the
robot satisfyingly maintains stability and does not fallemtsubject to different perturbations.

In the topic of biped locomotion, a distinct view on the CP@aorization was used, since the
problem is slightly more challenging in matters of balanod &xajectory generation on a biped walker.
The proposed CPG solution is based on the idea of two sepasaes, one for rhythm generation
and other for pattern generation. The solution exploitsidlea of motion primitives for a modular
construction of the robot’s motor abilities. A successfigntification of a minimum required set of
motion primitives for a capable goal-oriented walking wi#soachieved. This is demonstrated in a
small humanoid DARwIn-OP and in simulation for several mom@dels, including on the iCub model
where it is achieved the integration of the CPG within a mettoo whole-body control [182].

A feedback mechanisms was proposed for the regulation dirnttieg of the step phases. These
phase regulation mechanisms adapt the produced motiommdieg on the current step phase and
current sensory information, coupling the controller te #xhibited behavior and environment. The
application of phase regulation mechanisms has been dématmusto achieve adaptation to small un-
perceived slopes on the DARwIN-OP robot [130].

Lastly, a reflex based controller is presented in an effodxXplore a possible alternative role of
the CPG in the generation of legged locomotion. It aims tonmie the discussion on the role of the
CPG as afilter, or process coordinator of a motor reflex cliagtead of having a role as explicit motor
generator.

After a survey on motor reflexes observed in animal loconmoéind a review of reflex based so-
lutions in simulation and legged robot control, it is defiredeneralized set of reflexes elicited from
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sensory events, to be implemented in a reflex chain netwahk. pfoposed reflex chain network pro-
duces locomotor patterns in the compliant quadruped rolnaill@ according to sensory information
and sensory events. It is then used to discuss the possibigation of the CPG and its role on top of
the reflex network.

Outline After the introductory notes on the motivation, goals andtdbutions, the context of legged
locomotion is presented in chapiér 2. It covers some impbancepts of legged robot locomotion
and legged locomotion in general. The concept of CPG isfigdri providing some insight on the
role of sensory information within locomotion generatiand reviews its interesting features for robot
locomotor control. A small survey of CPG application on rit® is then presented, explaining its
approaches, characteristics and interpreting its redDhaptef B presents the methodology and frame-
work employed in this thesis, presenting two method for ningeCPGs. These CPG models are
employed for the formulation of quadruped (chapter 4) apedbiwalking (chapt€r]5) generation, and
is demonstrated its application in goal-oriented scesar@haptef 6 discusses an alternative role for
the CPG within locomotion generation, and presents a refiged walking generator for the compli-
ant quadruped robot Oncilla. A summary and discussion ofélalts of this thesis is presented in
chaptet¥.

A list of movies pertaining to this thesis is available tett p: / / asbg. dei . um nho. pt/
user/ 1.
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CHAPTER 2

CONTEXT AND RELATED WORK

Mobility in autonomous robots can be a means to alternatenaoee between distant task loca-
tions, or can play a very important role on the execution efttsk itself, e.g. carrying cargo, explore
environments, human interaction as in the case of humanbiuts.

The goal of research on legged robot locomotion is to creathanisms providing for the improve-
ment of the performance on their mobility and autonomy. lmeotion performance in legged robots
is often defined by energy efficiency, locomotion smoothresksstability, walking velocity, adaptabil-
ity to the terrain and robustness to unforeseen perturimtiBerformance requirements from walking
robots ought to be defined by the required mobility, largefiuenced by the task and the environment
the robot must navigate.

The final result of legged robot research would be to have atrcdgpable of achieving a locomo-
tion performance similar to humans and other legged anjmaiéch excel in walking and running,
especially when innately generalizing their abilities twal environments or rough terrains.

In this chapter is presented an overview of the first defininga in the field of legged robot loco-
motion. Having this overview one can have a better undedgigrnof following and current research,
what kind of problems face, how are addressed and accompatgthnological advances. This de-
scription will allow for framing the discussion around lecotion solutions based on Central Pattern
Generators (CPGSs).

After a small description of CPGs and their role in the prditucof locomotion within the Central
Nervous System, the most interesting features are aggabgat presented as basis of the motivation
of recent works applying the CPG concept to legged robotgsé&lworks are discussed regarding the
target platform, design methodology and implementation, the feedback mechanisms employed.

2.1 Legged robot locomotion

Terrestrial animal locomotion is rich in its diversity anakiety, and it provides an immense research
subject in several fields, from biomechanics to neuroseierféocus is herein placed in bipedal and
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guadrupedal terrestrial locomotion, as it is argued thatkedge from these subjects could help in
improving current legged robot locomotion capabilitiegudying, understanding and simulating the
animals’ locomotion mechanisms can be an efficient metho@dwancing current state of the art on
robot mechanical designs and control solutions. This fitutiées to close the gap in locomotion agility
in a wide range of terrains, between robots and the familammal tetrapods, as cats, dogs, horses,
cheetahs or gazelles.

Achieving such desired agility is no trivial task, as the maiioblems to solve involve the complex-
ity of legs and body, stability and power consumption [197].

The versatility which legged locomotion allows is also owasiderable challenge. On each leg,
increasing the number of DOFs may allow for more versatilvanments, but with the cost of more
complex control and planning, and increasing energy expeed The dual role of legs in such a
system is to provide propulsion while supporting the rabeteight, balancing the robot against gravity
and accelerations from the walking itself. Maintainingab#t locomotion in the archetypal application
of legged robots, walking on unstructured and uneven t&sraequires a good perception of the type of
environment, acquisition of terrain properties, plannifigiround contacts, and the subsequent motion
generation for all the DOFs.

Robust locomotion under perturbations and on unperceemdins is also a defining ability for ob-
taining an agile and stable locomotion. The ability to rerxdvom perturbations is crucial for maintain-
ing balance when the robot state gets out of scope of thalipitinning, as in situations when slippage
occurs or the robot encounters unperceived terrain featbhet might cause a fall. For instance, animals
recover effortlessly and immediately after stumbling openceived obstacles, exhibiting what seems
like innate stereotyped reflexes that counteract the gEtion, allowing it to balance itself and resume
the walk.

Mechanical design of legged robots is also a major contribfdr the success and achievement
of agile legged locomation. Biological energy storage, ihgscle actuation systems employed in an-
imal and insect locomotion, achieve torques, responsestene conversion efficiencies much larger
than similar scaled artificial made systetns [197]. Manyrigfbave been made to increase energy ef-
ficiency [20], locomotion speeds, actuation power, flekipind agility [87]193, 222], while reducing
weight and manufacturing costs of walking machines.

The proper design of the machine is a very important aspeease control requirements, and
simultaneously allowing the exploitation of dynamical pedies in order to perform energy-efficient,
natural movements (i.e. regarding natural dynamics) &adilireaching the so desired versatility. Not
only intelligence requires a bodghere, motor intelligence), but there is a coupling betwsemsory-
motor activity and body morphology, from which a better exgition of the dynamics may result in
simpler control[[84]. However, current readily availabmmercial legged robots, such as those used
in the present work, do not take such considerations intio design.
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2.1.1 Characteristics of quadrupedal and bipedal walking

Terrestrial quadrupeds and bipeds adjust the locomotjmatiterns of the limbs, the gait, to adequate
the walking motions under different requirements, as charng terrain, desired behavior or desired
walking velocity [3]. The specific set of gaits of a given aairs limited by the structure and geometry
of the body and the limbs. The execution of a given gait aim&tlice the energy expenditure while
increasing walking velocity, increase maneuverabilitg &machieve different locomotor behaviors, as
creeping behind a prey or running from a predator.

Gaits are grouped into three categories: walking gaitsingngaits and leaping gaits. These are
differentiated according to their patterns of support sege and walking velocity. Walking gaits are
slow gaits where the animal keeps at least three feet on thendrat any given time in a step cycle.
Running and leaping gaits are fast gaits that produce flighses, with the body airborne and all the
feet in the air at a given time during a step cycle.

A gait is characterized through its: stride frequency, thmber of complete footfall sequences in
a unit of time; the stride length, the covered distance duarsingle stride; the duty factor, the ratio
of the duration of foot support relatively to the stride digm; and the interlimb relative phase, the
relationship between the phase of the foot strike amongriieslas a fraction of the stride duration. A
single stride can be described in simple terms, divided timtodistinct phases, starting when the foot
is lifted and placed in a more rostral position, the swinggehdollowed by a supporting and propulsive
motion that propels the body forward, the stance phase.

Walk Run
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Figure 2.1: Figure adapted from [81], plotting the wide ruad symmetric gaits exhibited by tetrapod
animals. The regions of three common gaits are identified;iwdre easily generated by the quadruped
CPG system proposed in the present work.
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In quadrupeds the most common gaits are symmetrical gafteasalk and trot gaits. The left and
right limbs in a girdle perform the stride in strict alteriogt between swing and stance phases, having a
relative phase of 0.5 between contralateral limbs. A widgesof possible symmetric gaits exhibited by
tetrapods are depicted in f[g. 2.1. The gait sequence of temlasequence walk and trot are presented

in fig.2Z.2.
Symmetric gaits
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Figure 2.2: Gait diagrams with black bars representing doatact and bottom axis the % of cycle time.
It is depicted two symmetric gaits: lateral sequence walk @ot, and two asymmetric gaits: gallop
and bound. FL: fore left, FR: fore right, HL: hind left, HR:rtd right.

Asymmetrical gaits such as gallop and canter, or leapintg @& bound and pronk, on the other
hand, do not exhibit strict alternation between the limbgstensame girdle. Trot and bound gait se-

guences are depicted in fig. P.2.

Humans and similar biped walking animals usually perforrmetrical gaits, maintaining strict
contralateral alternation for walking and running. Butytlgan also perform other symmetrical and
asymmetrical gaits such hopping or child’s skipping [144gually not employed unless deliberately,

since these gaits require much effort.

The distinction between walking and running gaits are baseithe existence or not of flight phase,
or in the number of feet in the ground at any time can be coresitla simplistic method that does not
consider mechanical dynamics [22]. Walking and runningsgaxhibit distinct dynamics and center of

mass motion.

Inverted pendulum models can be used to describe the matidmygnamics of bipedal walking,
describing how kinetic energy of a stiff inverted penduluntraded of into rise in potential energy and
sequentially back to kinetic energy, how energy is expentigithg each of the steps, and the mechanical
work required[[118]. In running, a SLIP (spring loaded irreerpendulum) model is the simplest model
used to describe the conversion between kinetic, potesutidlelastic energy, describing the motions
and dynamics of running_[24]. It was later demonstrated thatuse of an inverted pendulum model
is not sufficient to correctly reproduce the basic mechaaofcwalking, as well as the SLIP model
reproduces for running. Geyer has shown that the same maddlfor biped running not only can
be used for reproduce walking, but that also compliant legseasential to obtain the basic walking
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mechanism[[69].

2.1.2 Static balanced locomotion

A robot walk is basically successful if equilibrium is maiirted and the robot does not fall over.
Generally legged robot locomotion is divided into two bakmronditions: static balance and dynamic
balance. In static balance the robot moves completelyestahll instants, with small velocities and
accelerations, with the only balance condition of the pribjm of the center of mass to be inside of the
convex hull of the supporting points, the support polygorst&tically balanced walking robot can cease
the movements at any instant and remain in equilibrium withalling. On the contrary, dynamically
balanced robots can not cease the walking movements withbigh risk of losing equilibrium and
falling. Dynamic balanced locomotion is characterizedh®y¢ontinuous need to carry on proper motor
actions to maintain equilibrium, even with the possibilifyhaving the projection of the center of mass
outside the support polygon.

Static and dynamic locomotion are quite distinct, meritihgir own hardware and technological
implementations, control architectures, mathematieahBworks and system analysis tools. The choice
of performing static or dynamic locomotion is largely degent on the actuation type, mechanical
design of the robot, and the application of the robot. Stattomotion is ideal for slow and precise
walking, when a slow terrain progression, careful trantgtimm or external manipulation tasks are
required. Dynamic locomotion on the other hand is much mdegjaate for higher velocities, as well
as jumping and more reactive locomotion behaviors.

Early walking robots used static stable walking due to th@gte mechanical design and actuation
technology of these early walking machines. It requiredvst@refully planned movements of the legs,
while producing a large enough support area where the COMdalmel maintained at all times [141,
199].

Static locomotion is an important method to robot loconmtias some tasks and applications re-
quire important features offered by static mobility [16]08, carefully planned support points, com-
pletely controlled positioning, leveling and heading o tlobot’s body, are features provided by static
walking and it is typically used on multi-legged robots asytbend to have larger choice of foot place-
ments.

Frequently used control schemes for static locomotiort st a definition of a set of 3D points
for foot placements and COM progression, chosen to maitkeirprojection of the COM inside the
support polygon at all times while guaranteeing a strong@asttpoint able to hold the weight. Foothold
sequence planning algorithms may maximize static staliggasures for even terrain [95], or focus on
the minimum energy expenditure, movement agility by usimgad-walk gaits or free gaits in uneven
terrain [59/8%8,90, 223].

Having the gait planned and the foothold sequence, the mExtsually encompasses the applica-
tion of classical control for the generation of trajecteréand the proceeding execution and tracking [40],
with the possibility of having dedicated online adaptatroechanisms for coping with terrain uncer-
tainties, obstacles and disturbandes [90].
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Static locomotion controllers usually follow some vaatiof these methodologies, for hexapod,
guadruped and biped robots.

2.1.3 Dynamic balanced locomotion

Static locomotion offers many important features for dartasks, but can not achieve fast walking
because dynamic effects are usually discounted from tHalistecriteria and from the control for-
mulation. For faster walking or running, the consideratirdynamic effects is necessary. Dynamic
locomotion is difficult to control due to the nominal unstalind nonlinear characteristics of the robot,
their interaction with the environment, exhibiting timeieat and intermittent dynamics.

In case of bipedal robot walking, static balance placed tighstraints in the motions and velocity
the robot can achieve in order to reduce the dynamics froml@etions of the body. The most popular
method to produce walking motions while accounting and esking these dynamic effects is the con-
cept of Zero Moment Point (ZMP), firstly presented by Vukabvic. The first practical demonstration
was achieved in collaboration with Laboratory of Ichiro &atgroup on the WL-10RD robot [217].

ZMP is the point where the reaction force at the foot and thoeigd does not produce any mo-
ment, keeping vertical inertia and gravity forces equalemz Typically on a solution using the ZMP
criterion, a sequence of foothold locations are chosendésired ZMP over the planned support ar-
eas are determined and the joint space vector is calculaiad the inverse of the robot's model. In
this solution a faster walking is achieved, tracking the C@WNerence trajectory, using for instance
predictive control[[220], and allowing it to take small exsions outside the support area while walk-
ing, stabilizing the robot by maintaining the ZMP inside thepport area instead. Up to now, this
method has been widely applied in commercial high-gaintipwsicontrolled bipedal robots and im-
proved upon, thele factosolution for full sized humanoid robots, used currently insthadvanced
humanoid robots [82,104,121] and also used for quadrupsmriotion [35], 223].

Pioneering the theme of running, hopping robots and fasiation, Raibert designed monopod,
biped and quadruped robots actuated by hydraulic hips agdhpatic or mechanical springs to achieve
the hopping. The hopping robots are controlled using sidet®upled control rules regarding hopping
height, forward velocity and posture [166, 169,1170]. Thesngal work not only demonstrated the
possibility of achieving running locomotion with robotsepiously limited to static and slow walks,
but also suggested that stiffness in actuation is unddsitiabrunning robots and passive dynamics
should be exploited to increase their energy efficiency.

The early works by Raibert [169, 1/70] in hopping robots and3der [140] in passive walkers are
the foundation and inspiration of many current works in agiealocomotion, providing insight on the
importance of designing robots with proper mechanical attaristics and underactuation, allowing to
exploit the natural dynamics of walking and how to bettertaarthe interaction with the environment,
fundamental for achieving better performances in leggbedtso

Passive dynamic walking has been extended to the study dfuped walking by Remy et al. [171].
The authors present a detailed simulation framework toyspassive dynamic gaits of quadrupeds,
achieving stable two-beat (e.g. trot and pace) and four{eeg. walk gait) symmetric gaits through the
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use of a wobbling mass.

Research on legged robot locomotion has focused on how targeise, but simultaneously com-
pliant control, how to get robust and yet versatile behavidany works follow on the paradigm of
force control and dynamical interaction control, by punguihe design of better actuators and by de-
signing appropriate control schemes. Some actuators nmragrles from animals using antagonistic
implementations with artificial pneumatic muscles [15@M]J18ables and pulleys [161], or springs and
electric motors[[175]. The goal is to design robots and dotsawith the relevant features for flexible
locomotion, such as decreasing actuator impedances,deraaintrollable stiffness, and provide force
control for active compliance [167].

Then by using a proper control framework, such as Virtual Mdbntrol or inverse dynamics and
force control [30, 168], one can achieve compliant and fasbrinotion, including capability to handle
some unplanned terrain impacts and unperceived distueban®ther works investigate the resonant
properties of the robot dynamics, with simple actuation paskive compliant elements paired with in-
novative simple control based on entrainment propertiesrder to investigate the role of embodiment
on locomotion[[162].

Most of the works mentioned so far, for both static and dymamiomotion, rely on model-based
methods for the applied control algorithms. These algorithypically use some form of forward and
inverse models of the robot, models of the interaction whi ¢nvironment and of the environment
itself, for the planning and the generation of control pgeli¢ according to the desired task and under
several constraints. However it may be hard to model morepémnenvironments, compliant behavior
in actuation and more dynamic interactions. These appesantay also not fare well on situations
where the trajectories have to be adapted in real-time tcodeted and unperceived perturbations.

In contrast, some model-free approaches, or which do nogx@eit models, aim to tackle these
limitations and generalize the control policies, such ge@gches inspired by insights from biological
research, as herein discussed briefly.

2.1.4 Bio-inspired robotic locomotion

Bio-inspiration in design is the application of knowledgerh biological studies into real world
engineering applications, as in biosensing, bioactuadiwh biomaterials, which may take the form of
simple application of concepts to full biomimicry. In robr#, bio-inspiration has long been used to
design robots which mimic animal’s method of locomotiorgnfr flying, snake and fish like, biped,
quadruped and other multi-legged robats! [74]. As preseimdde previous section, researchers have
reached important conclusions regarding the dynamictsffectthe locomotion of legged robots, in part
by generalizing the knowledge from animal locomotion stgdiNot only this knowledge allowed for
the design of new technologies in low impedance actuatidiralnot design, but also for the control of
robots. In certain works the use of a bio-inspired motor m@romplements the bio-inspired structure
and physical characteristids |17] 51].

For the presented work it is relevant to focus on the topic ofancontrol, specifically generation
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of walking and rhythmic movements. The broad field of comfoiteal motor control in neuroscience
can provide useful inspiration to robot motor control, bswing parallels between biological strategies
and methods of control theory, studying the relationshigvben sensory signals and motor commands,
identifying the methods employed in motor planning, motontcol and the strategies by which the
nervous systems overcomes the complexities of flexible arghtile movement generatian [190].

Interesting insights from how movement may be modularlyaoiged at spinal level could explain
how nature simplifies the problem of motor generation. A peimg perspective is that a set of stereo-
typed movements are flexibly combined to produce a varietsna$cle tasks. The idea is that unit
patterns of muscle activation, a synergy, are a specificubwtpsimple functional units, and the motor
movement is the result of a weighted combination of theipau{23]. In the production of rhyth-
mic motor patterns for walking, it has been suggested theetllsynergistic outputs are the product of
Central Pattern Generators (CPGSs).

The concept of CPGs has gained a widespread attention iticelmmmmunity as inspiration for
the design of low level motor control, and is the central eptexploited in the presented work. The
next section presents in more detail what is understood aB@, @eir role in motor producing, the
CPG interaction with sensory information for adaptatiod anpraspinal motor commands.

2.2 Central Pattern Generators

It is generally accepted and defined the Central Pattern r@gems as the functional ensembles of
neural networks of the central nervous system which endagsy produce and govern the rhythmic
motor processes in the body, such as respiration, swalipvaimd locomotion[14].

Complex walking behavior is believed to be generated majayllocomotor CPGs, which retain a
repertoire of motor programs used in locomotionl [72]. In ptete absence of rhythmic inputs, the CPG
produces the rhythmic motor patterns for locomotion, gatirsg complex rhythmic movements which
level of activity is solely commanded through tonic stinida from supraspinal regions. Equally im-
portant, or even crucial, in the concept of CPGs, is the mat@mn of sensory information and feedback
mechanisms governing and shaping the generated pattdrissadpect is very important to provide the
ability of adapting and correcting the walking behavior@dingly to the current environmental and
behavioral context.

Evidence for Central Pattern Generators The initial finding of locomotor CPGs came from the
first studies by Brown in 1911 [27], suggesting that locomdkehaviors are the result of central rhyth-
mogenic mechanisms in the cat, followed by research in baotbriebrate[[128] and vertebrate ani-
mals [107,154]. There is definite evidence on the existeh@P& for locomotion in lower vertebrates
like the cat, dog, rabbit, but only indirect evidence hasdatkd the existence of CPG for locomotion
in humans|[5Z,54]

Experiments in isolated preparations of the lamprey spinadl have shown that it is possible to
record patterns of activity similar to those of swimming[[4Irhese patterns of activity, or fictive
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locomotion, have been recorded in similar preparationsalftion of the spinal cord in several other
animals[106].

One of the first significant experiments in the cat evideneertie of the supraspinal commands
upon the CPGs and demonstrates its ability to generate ioabed movement for several gaits [195]. A
decerebrate cat (removal of the fore and mid-brain) stampigs@ted over a treadmill, as is made to pro-
gressively walk and run through an increasing constantraestimulation of the mid-brain. Through
the strength of the stimulation it was possible to contr@ walking rhythm, induce gait transition
to running gaits and then back to walk. Despite the removaheffore and mid-brain, the exhibited
characteristics of walking and running were similar to th&a¢t animal. Authors also demonstrated
the existence of entrainment properties of the CPG throegha®y integration, by moving the tread-
mill while providing no stimuli to the mid-brain, and obserg walking behavior stimulated through
mechanical action, and the respective velocity adjustimewarying speeds of the treadmill.

Organization and coordination Although not completely understood how vertebrate mammals
CPGs are neurally composed and organized, studies havglstsuggested the locomotor CPGs as
distributed unit generators flexibly coordinated, able éoayate a myriad of different coordinated lo-
comotor patterns.

It is suggested that there is one CPG controlling each limd,that vertebrate locomotor CPGs
are located in the spinal cord, thought to be distributettr@oaudally accordingly to its rhythmogenic
ability. With the fore limbs’ CPGs located in the cervicalirsgd cord, and the hind limbs’ CPGs in
the lumber spinal cord [107]. Each mammalian locomotor C®Emposed of multiple distributed
rhythmic generating units, with one unit per articulatierhibiting an excitability gradient in rhythmo-
genic capacity between rostral and caudal units. The higbssal rhythmogenic capacity where hip
motor neurons are located suggests that the units contydlip movements may act as leading units in
the CPG, entraining more caudal and less excitable unit&xample, those controlling the knee and
ankle [107].

Another interesting suggestion of CPG organization is tfupgsal that the mammalian CPG is
divided in two layers: a rhythmic generation layer respblesfor the rhythmic coordination within
the CPG and between the coordination among the CPGs, anteenpggineration layer responsible for
generating the patterns of locomotion [1119,/139]. This pemal organization would allow for indepen-
dent afferent influence onto each layer, with changes actmmotor pattern not directly influencing
the rhythmic activity, or the rhythmic changes not influergcthe motor pattern.

Both of these considerations on CPG organization may axplaiv motor complexity is addressed
by nature and should be included in the formulation of rab@®PGs. It is a very interesting concept, a
distributed organization of units within the CPG which pgdms for the production of several types of
basic walking patterns and a myriad of complex locomotomrkighis, by simply modulating how these
units interact with each other.
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2.2.1 Sensory modulation and adaptation

Signals from supraspinal, spinal and peripheral strustare continuously integrated by the CPG
for the proper expression and short-term adaptation ofnhmtion. Sensory mechanisms can select
rhythmic patterns, modulate amplitude of muscle burstspattérn frequency. It can also regulate the
structure and transition between step phases, assist dsidigming and correct the movements when
obstacles appedr [176]. This short-term adaptation pesvipteat versatility to an otherwise fixed set of
motor patterns in the CPGs repertoire, dynamically adgphie movements to the environment.

Herein it is briefly mentioned a small selection of feedbaokchanisms and observations from
studies on the role of sensory feedback on locomotion. Iptesented work the aim is not to discuss
in detail how these mechanisms are organized and functioewbnal level, but the aim is rather to
serve as reference of the possible roles of feedback in tigtatibn of the CPG output. More detailed
descriptions of the feedback mechanisms, behaviors aratiexgnts are found in several reviews [138,
159/160, 176].

The dynamic sensorimotor interactions between the cepaittérns and the feedback mechanisms
are quite complex, relying on a multitude of sensory infaiorg from cutaneous (skin afferents) and
proprioceptive afferents (muscle spindles and Golgi orgsensory inputs reaching supraspinal struc-
tures through ascending spinal pathways, descendingspipshcommand signals, and through espe-
cial senses, such as: visual, vestibular, auditory.

Naturally, this multitude of information and feedback maaisms translate into different kinds
of influence on the adjustment of central patterns, from level, fast, stereotyped reflexes, to long-
term adaptation of the locomotor movements. There are aegtased loops of sensory information
at different levels, depending on the recruited neuralctines and the complexity of the feedback
mechanism. Some are circumscribed to spinal structuresatiee delays on the transmission of
sensory information, because the locomotor movements mdgdber than the time information takes
to travel and be acted upon_[145]. Others extend further awdrcsupraspinal structures, recruiting
areas of the cortex to command and adjust locomotion.

These dynamic interactions have also been shown to inchaénfluence of the CPG in the se-
lection of feedback pathways or reflex reversals, depenalimtipe locomotor behavior, step phase and
type of stimulation[[150]. This important organization afiadictionality of phase dependent sensory
feedback would not exist without the operation of the CRGS]1

Muscle Spindles

Muscle spindles are sensory receptors inside the muselea|gd with muscle fibers, signaling the
stretch (I afferents) and stretch velocitia(afferents) of the muscles.

It has been demonstrated that information from hip musdkreits is used to signal the range of
joint angular excursion, taking part on the adjustment andbration of step phases [63, 143]. Hip
extension contributes for the control of the transitiomifrstance to swing, providing for resetting and
entrainment by: prolonging ongoing phase of locomotionnducing a switch from one phase to the
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other [158]. Some experiments have shown that by prevemijpgxtension in a hind leg, stepping
movements are stopped, and swing is initiated when the hgpsleavly extended past an andle [158].

Golgi Tendon Organs (GTOs)

Group b afferents originate in the Golgi Tendon Organs, locatedeiies with the muscle fibers
and sensing the tension, transmitting information relatik the exerted force at the muscle.

This sensory information has been shown to play a role in ¢igelation of the duration of step
phases, the initiation of the swing and also reinforcing dbgvity of extensor muscle group during
the stance. Activation of extensor groiup afferents in the cat regulates the duration of the stance
phase, inhibiting flexor burst generation and preventirgytthnsition into swing while the ankle is
under load([158, 159]b afferents also reinforce ongoing motor activity within asjtive feedback loop
during stance, increasing extensor muscle activity| [88,1%6].

Cutaneous afferents

Cutaneous afferents are the cutaneous nerves projectiorttenspinal cord, transmitting informa-
tion relative to the sense of touch on the skin, spread alt thes body, including the foot pads and
dorsum.

These receptors serve several purposes in locomotion, @iactive actions of the movements
and in eliciting locomotion. It has been shown that the remho¥ cutaneous sensing from the pads do
not prevent locomotion, but it does influence the swing domatincreases the double support phase,
provide regulatory input to assess load on the limbs duringnd down slopes, and mainly interferes
with precise foot placemerit [63].

Cutaneous afferents and its role on stumbling correctiagetiens is the best case in which it is
observable the phase dependent feedback mechanisms. Wadkirag cat touches an obstacle while
performing the swing phase, it elicits a prominent knee flexand a simultaneous flexion of the ankle
and hip to step over the obstacle and place the foot in fr@W][IThis mechanism is elicited depending
on the step phase at when the foot touches the obstacle, evtie¢hcat is walking forward or backward,
and if the pads or dorsum collides with the obstacle. e.galkimg forward, and the dorsum of the foot
is stimulated during stance phase, no stumbling reactieficised.

Postural

One other type of adaptation and changes of the locomotoements are related to posture and
balance. Appropriate posture is essential for the cootelihaontrol of motor behaviors, including lo-
comotion. Postural activity can be divided into two modepastural activity, feedback which compen-
sates the deviation from a correct posture, and a feedfdrmade, resulting from anticipatory postural
adjustment to counteract voluntary movements. Analysuiftdrent species has shown that there are
individual central systems for posture and locomotiont theeract when required [48, 49]. Posture
and balance tasks are achieved by adapting and correctnigagbmotor movements, through innate
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reflexes ready to be elicited depending on context, and bsosgmlependent responses that maintain
the proper expression of locomotion in specific conditidhsequires concurrent processing of several
sensory modalities, while the motor system simultaneocshyrols muscle actions [102].

It is suggested that in quadrupeds, the system stabilii@egrtink orientation in frontal plane con-
sists of two relatively independent sub-systems, staibjjithe anterior and posterior parts of the trunk,
and each sub-system is driven by somatosensory input froraspmnding limbs [48]. These two sub-
systems are driven by input from limb proprioceptive infatian in addition to information from visual
and vestibular centers, compensating postural distudsahyg generating corrective motor responses.
The mechanisms are also activated by tonic drive from sowia btructures, which send commands to
the spinal cord via descending pathways, contributing teections in posture.

Supraspinal centers

Supraspinal structures include all the brain regions alloeespinal cord, the hindbrain, midbrain
and forebrain. Each of these regions have a distinct roleaircontrol of locomotion, with the voluntary
motor control originating in the motor cortex, and the bas@motor behaviors like food seeking and
directed navigation mediated by the midbrain/[71|72] 103].

These descending signals from supraspinal regions exerrfid influences on locomotion, such
as during precise visually guided walking, imitation andrténg, necessary for the full expression of
locomotion [53]. Various descending pathways from theg@re are involved in activating, stopping
and modulating the spinal locomotor CPG, as well as the abititty of transmission in the reflex
pathways.

2.2.2 Interesting features for robot motor control

Interesting features can be taken from the concept of CP@ventebrate motor control, even if
not completely understood the details of the CPG neuralnizgton, how it integrates with other
feedback and motor control mechanisms, and how descendinghands influence voluntary changes
in locomotion.

The current work aims to base the design of a robot locomatomtroller on the interesting func-
tional features of the CPG and organization of vertebratertwtion control structures. The goal is not
to use robotics to better understand biology by providirastdo test hypothesis or biological models.
Herein only the concept of CPGs is considered, and mainljuthetional features in a certain abstrac-
tion that allows an easier and more adequate transfer arldrimeptation to legged robot control.

In a nutshell, the CPGs are structures with the capabilignofogenously generate rhythmic activ-
ity without the need of an input driving signal. The CPG proeki coordinated patterns of activation
for several muscle groups, through a distributed orgaiosizadf unit generators, which enables the
production of different motor behaviors through their aipation and reorganization. This method
of synergistic activity results in the reduction of the sin space, and tackles the problem of com-
plexity in actuation of redundant limbs, the coordinatidrcomplex motor patterns and the interlimb
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coordination for several gaits.

The integration of the CPGs and feedback control loops is&epgl to provide the required adapt-
ability to produce agile locomotion, organized in mecharisovering different spinal and supraspinal
levels, achieving fast reflexes, and long-term walking éategns to varied types of terrains and entrain-
ment to imposed rhythms.

Descending commands from supraspinal structures modilatevalking activity through simple
tonic signals. The CPGs progressively change the gait atottie signal increases in strength, in-
creasing locomotion velocity. This organization redudesdimensionality of the descending control
signals, reducing the complexity of commands from highatexs to the spinal cord.

Another interesting aspect is the developmental persgeofithe CPGs and the vertebrate motor
system, their ability to learn new motor tasks and adapté¢@towing body. This is an important aspect
in robotics, how can robot autonomy be increased by progidiwith learning capacity.

All these features make the CPG concept a good candidatbdaaintrol design of legged robots,
which can potentially generalize their ability in dynamiozgonments.

2.3 Central Pattern Generators in robotics

The Central Pattern Generator can be a powerful conceptimtithesting features to explore and
apply in robotic motor control, as mentioned in the previgastion. An extensive variety of imple-
mentations throughout the years reflects it, as surveyedubg Aispeert[[92].

In this section the author tries to expose the most relev&® @orks, trying to relate important
aspects among them.

2.3.1 Robot locomotion and motor control

Before focusing in the application of CPGs for legged ropibtis worth mentioning briefly some
works where CPGs have been applied to other types of robotlotion and motor control.

The most relevant CPG works in non-legged robot locomotignapplied to anguilliform robots.
Travelling undulating motions are produced for lampiey, B3], snake[[210] and fish robots [86]. For
the salamander robot from Crespi and ljspeert [93], the QitGduce solely undulating mations until
the driving signal elicits a qualitative change in the rimib activity, recruiting the movement of the
limbs for walking out of water.

CPGs can also be used for other rhythmic tasks besides Idmmm®ne curious example is the use
of CPGs for the generation of an undulating motion of a flex#pine in a humanoid robaot [153]. The
humanoid robot walks while a ZMP monitor verifies at all timibe performed ZMP, modulating the
CPG activity which undulates an actuated spine. When the ZtdPBility of the robot becomes at risk
the undulation patterns are reduced. Another curious ebeammphe CPG as a rhythmic manipulation
generator for a simulated robot hand with 9 DOES [39]. Usieiaforcement-learning, the system
searches parameter’s sets for the CPGs, developing ditferanipulation skills, able to manipulate
different objects.
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2.3.2 Level of abstraction

Computational implementations and studies of CPGs are migtapplied in the realm of robot
locomotion, but also as a means of studying and further m®pmssible models for describing the
spinal CPGs. These models were developed in several dimtréevels, as a means to explore sev-
eral features, explain observed phenomeneaivo preparations and verify suggestions to the cellular
organization of the CPG.

For instance, CPGs have been modeled as networks of sirdptiiaron models, as leaky inte-
grators [55], integrate-and-fire neurons [177], contirmiaeuron models [133] and Hodgkin-Huxley
model [75], with the objective of verifying the possible newal organizations of the CPG at the cel-
lular level abstraction. At a higher abstraction, modetend to explain intersegmental coordination
exhibited by the neural networks in the isolated spinal ajrithe lamprey[[41], explore entrainment of
forcing frequencies in chains of oscillators, or synchratibn for gait achievement in legged animals.

Some of the works only address the phenomena of coordinatidrsynchronization between the
CPGs for the expression of the correct gait phase relatipssif legged gaits. Take as example the
works by Golubitski, Buono and Pinto [33,165], addressinty ¢the problem of achieving quadrupedal
and bipedal gaits in terms of gait phase relationships.

In other works, bio-mechanical simulations alongside v@#RG model simulation complements
the research, by answering if the proposed models and misaigmre sufficient to explain the be-
havior observed at the complete systems. For instanceb&kgef55] in his work, simulates fish body
mechanics, including the interaction with the water andtelr receptor feedback, demonstrating that
the proposed cellular organization on the CPG model is $iffidor producing swimming and turning
by asymmetric descending stimulation, requiring no egpedicuitry. Maufroy [134] used a detailed
CPG implementation using neuronal models, divided in them@al structures and testing it on detailed
musculoskeletal simulations of cat’s fore and hind girdles

2.3.3 Locomotion in legged robots

The distributed characteristics of CPG based controllosva it to be applied in multi legged
robots. It can be applied in robots with as little as two legs;h as humanoid robots, up to robots
with six, eight, or more legs. CPGs have been shown to be deimethod to control centipede like
robots, with an indeterminate number of pair of legs, sucthéamodular robot presented by Shinya
Aoi et al. [4]. However the most typical application, and thest extensive application of CPG based
controllers are in hexapod, quadruped and biped robots.

Hexapod robots are good for applications where added #yaisilrequired, and where CPGs are
able to easily produce the coordinated patterns of therdiftehexapod gaits [13,60,/96/97, 125,[127].

Quadruped robots are designed with distinct leg geomepiesiding distinct stability character-
istics to their walking, simplifying the control problem gome works. Some quadruped robots are
designed with leg geometries similar to hexapod robotd) ggrawling legs, providing a wider stance
and greater stability [60, 208, 209]. Other quadruped deasitave an erect posture, with a geometry
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closer to small mammals like the cat or dog [110,/115] 178),eren crawling toddlers [45, 1[74].

Bipedal robot walking is more challenging when compared d@rapod and quadruped walking.
Having only two legs, the walking requires the alternatepsupof the body and constant adjustment of
balancing for maintaining stability, with an higher chamdédalling, unlike other multi legged robots.
Even though biped walking presents an increased level fi€ulify, CPGs have also been applied suc-
cessfully to several kinds of biped robots. From servo detlidethered bipeds constrained to the
sagittal planel[[114, 128, 149], to full sized humanoid reb®&8,147], including compliant actuated
humanoids([89] and football playing robots [18].

An extensive number of works apply CPGs in simulated bipetsy of which aim to demon-
strate the feasibility of CPG based controllers and thd&gration with feedback mechanisms, or to
achieve an easier system analysid [9,18720€, 207]. Adtmaonportant the existence of extensive
works demonstrating the capabilities of CPG based coetolbn simulation, controlling a real robot
can be considered in many aspects more challenging [5F., M&)y dynamic effects are not consid-
ered correctly in simulation, either by using a simplifieddalp by the incomplete representation of
mass distributions, the simplified actuator models, or ekierchoice of collision models.

2.3.4 CPG modeling and implementation

Many approaches to CPG based controllers have been triedgifwut the years. Several mathe-
matical tools and methodologies have been used to implecoantol solutions featuring the biological
CPG characteristics.

Designing a solution for robot locomotion based on CPGsllystequires identifying the desired
architecture of the system, how many DOFs will be controlidentify the required motor patterns
and how motor patterns are coordinated. One must decideutpatmf the system. Whether the CPG
directly produces joint position, joint velocity, torquesimply a swing/stance step phase signal.

Neural Oscillators

One of the most applied tool in CPG based solutions is the Wats oscillator/Neural oscilla-
tor [133]. Taga in 1991 presented a seminal work where wglleind running was generated for a
simplified biped model, resorting to a half-center appraadhe CPG, using neural oscillators for pro-
ducing torques to be applied at the joirits [207]. The work pragressively improved and expanded to
a more complex 7 DOFs biped model with feet and torso in 1998 [205], to a 3D simulated biped
in 1998 and expanded with the ability of anticipatory oblstavoidancel[[206]. These works were so
significant that many CPG based solutions have followedlairimplementations.

Another significant work is the research conducted by Kinaune Fukuoka using neural oscillators
in quadruped locomotion, first applying it in the Patrushdjuped robot[[108]. Later, it was applied
to the more capable quadruped robot Tekken[[64,[109, 11phlde of achieving medium velocities
in irregular and natural terrain. The CPG system producesctiordinated sequence of step phase
sequences, defining swing and stance, for which PD contrgdlims and joints positions are selected.
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These works in Tekken have shown that by integrating the CRIGsgnsory dependent responses and
corrective reflexes, the robot can walk on natural and ileggenvironment.

Neural oscillators were extensively used in the solutioeppsed for the Titan robots [100,196,208,
209], for the quadruped walking machine BISAM [19], for siated biped[[7]7, 99, 146] and bipedal
robots [57,58, 114, 132].

Phase oscillators

Another very popular approach to the implementation of CR&eH solutions, is the division of
the CPG into two functional layers. A distributed rhythmangrator layer is usually implemented as a
phase oscillator with a unit for each leg, producing the diowted base rhythmic signal that drives the
pattern generation layer. The temporal reference gener&tyer and a spatial coordination layer can
be controlled separately.

Tsuijita and colleagues apply this approach with the phasiflater driving a nominal end effector
trajectory defined by key points on the task space, and teatipan swing and stance phasés [216].
At each instant in time, the end effector position is retdriiy the nominal trajectory, and the leg
joint positions are provided using the inverse kinematiahe robot. This became a popular approach
that has been extensively used in subsequent works, by therawand others, in biped![4,5!8, 151],
guadruped robots [10, 11, 135, 136] and multi-legged ropits

A slight different approach was performed by Morimoto andeamgues, where the pattern gener-
ator consists on an ensemble of sinusoidal profiles for tim jajectories rather than obtained from
inverse kinematics [14[7,148,202]. Authors argue thatesthe nominal gait patterns are sinusoids, the
approach does not need careful design of desired gait tivsiles, as they are modulated through the
detected phase and synchronization with the inverted pemdihe robot dynamics.

Dynamic movement primitives (DMP) is an imitation learningethod for the representation of
motor primitives, which also divides a motor primitive, thgnic or discrete, into a temporal reference
and a spatial reference. In the case of the rhythmic DMP, adeahreference is also achieved by em-
ploying a phase oscillator, which drives the rhythmicitytlo spatial reference. This imitation learning
approach of rhythmic motor primitives was used to learn artkgate bipedal walking patteris [88,149]
and quadruped walking@ [61].

Limit cycle oscillators

CPG solutions implemented as nonlinear oscillators tWiyigaoduce the temporal reference and
coordination jointly with the spatial patterns. The ch#edstics of the nonlinear oscillators can be
exploited to reproduce the features of the biological CRGGgjemonstrated by the extensive research
by ljspeert and his group.

Quadruped walking in simple compliant robots has been dstreted to harness the character-
istics of nonlinear oscillators to achieve global entra@éminand resonant frequency tracking![26, 29].
This characteristic was also used to design an imitatiomér@ork using nonlinear oscillators, using
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the concept of Fourier decomposition. A given number of AapFrequency Oscillators (AFO) is
used on each joint to imitate a pre-defined trajectory, jpliog a system with the desired features of
nonlinear oscillators. Its capabilities were demonsttdatea biped walking task [173]. The use of
nonlinear oscillators was also explored to generate rhigtlimd discrete motions, tackling the problem
of hand-placement while walking for a crawling toddler rofd4,45/65%]. Righetti[[174] introduced
a mechanism controlling the stance and swing phase on théasoproduced by the Landau-Stuart
oscillator, and feedback mechanisms for the control of @hemnsitions depending on the measured
foot force. The Landau-Stuart oscillator is also the basstludér works in biped robots [120].

Nonlinear oscillators such as Van der Pol and Rayleight Bisebeen used to implement CPGs for
simulated planar biped models, mimicking the trajectoaeiuman hip, knee and ankle joinis [163,
164].

Neural networks

Neural networks have also been used in the implementatiddP@ based controllers. 10 [194]
a small humanoid HOAP-1 robot walks resorting to three saftrollers, implemented as recurrent
neural networks (RNN). RNN were also used to reproduce therkatical motions for a quadruped
robot [213]. Using Cellular nonlinear networks (CNNs), Aaeand colleagues implemented a hierar-
chical implementation for a hexapod robiot [13], with higidecommands translated into parameters
through a motor map. Implementing a kind of pattern genandtiyer, a fuzzy neural network (FNN)
controls the joints of the quadruped robot TIM-1 [203], arithva feed-forward neural network (FFNN)
by Estevez et al [60].

2.3.5 Feedback mechanisms in CPG based controllers

The possibility of feedback integration in CPG based cdieir® is one of the major arguments
for the application of the CPG concept in robotics. It is mtted that the integration of feedback
mechanisms will provide a better framework for robot wadkemd running with increased flexibility
and agility, through the desired features of motor adaptadind mutual entrainment.

Global and frequency entrainment

Taga’s main contribution is the demonstration of the imaatrrole of global entrainment between
the rhythmic activity of the nervous system and the rhythm@/ements of the musculo-skeletal sys-
tem, including interaction with the environment, for thengeation of a more stable and flexible loco-
motion [207].

Typically when using CPGs implemented as neural oscibatsensory information is input directly
into the oscillator's dynamics, influencing directly itstiity and achieving entrainment between the
generated motions and the exhibited walking dynamics. Usersory information are the signals
from proprioceptive information, such as joint positioning velocity and exerted joint torques, and
exteroceptive information as foot touch, foot ground rieecforces and body anglé [19, 209].This
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mechanism is sufficient for these solutions to produce wglknotions and in some cases to also walk
on uneven terrains and reject small perturbations [5828 225]. In[[132] was demonstrated that the
appropriate sensory information used in the CPGs coulddredel using reinforcement learning.

Another method to achieve global entrainment is the extioih of the natural dynamics, such
as the pendulum dynamics of biped robats| [88) 147][148, 202faking advantage of the nonlinear
oscillators’ entrainment properties for tracking the remtt frequencies of a compliant system![26, 29].

Global entrainment has also been demonstrated to replagdieieinterlimb coordination. Ishig-
uro and colleagues have demonstrated that interlimb coatidn could be achieved through ground
reaction force influence on the phase dynamics of the CP&5155], achieving good adaptability to
changes in weight distribution and walking speed.

Phase resetting and step phase transition regulation

Another method that has been used on CPG based controlieactieving entrainment between
the system and the environment is phase resetting and phaséibn mechanisms. These mechanisms
take on the idea of regulating the timing of step phasesralting the transition between swing and
stance accordingly to external sensory events, such aspfacément. They are typically used on
solutions which employ phase oscillators or limit cycleiltstors, from where the temporal reference
is easily accessible in the system.

Phase resetting mechanisms change the current state diidse pscillator to the nominal phase
upon an external event, such as foot strike. It is used toigeowbustness to small unperceived per-
turbations [[1489, 1571, 178, 216], adapting the biped robdkiwa to split-belt treadmill with differ-
ent speeds_[4], and in some cases to adequate the motompattethe real robot, stopping it from
falling [149].

It has been extensively used and studied by Aoi and collea@,&0, 11], whom also analyzed the
functional role of phase resetting in the walk([5, 6].

Slightly more complex are the transition regulations betvthe step phases, swing and stance. It
can however, offer more control options and is probablyari@s concept to the phase transition regula-
tion in vertebrates. Righetfi [174] proposed four transitmechanisms that regulate the transition from
swing to stance, and the transition from stance to swing. fibehanisms halt the transition, or elicit
the transition between the two step phases depending ono@mtconditions. Maufroy used similar
mechanisms in his quadruped controller [1.35,136], withghase modulations providing stability and
robustness to unperceived slopes, steps and lateral lpesiturs.

Reflexes and rapid motor corrections

A reflex is here considered as a rapid corrective actionernggd through sensory information or an
event, internal or external. Reflexes are responsible ftireg quickly to unperceived disturbances,
such as stumbling, crossed flexor reflex, lateral steppiddemextension reflex.

Kimura, Fukuoka and colleagues have used reflexes withi€B® controller since the first work
in quadruped robots [64, 108], initially applying stumlgljrstretch, vestibulospinal, and extensor and
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flexor reflexes. In later works they extended and improvedutes reflexes, including sideways step-
ping reflex to stabilize rolling motion, corrective steppireflex to deal with loss of ground contact
when walking down unperceived steps, and crossed flexox [§#110]. They argue that employing
reflexes and responses is not sufficient, but necessaryatdeswalking on natural terrain.

Similar leg extension reflex is used by Lewis [122], alonghwibstural control reflexes, adjusting
bias of posture from foot pressure information.

A center of gravity (COG) adjustment is performed in the wbysk Fukuda [[196], through the
application of a soft terrain recognition reflex, making tbeot move its own COG to a more stable
position.

Long term motor adaptations and responses

Responses and long term adaptations modulate the moternmath a longer time frame than re-
flexes. These adaptations may adjust the rhythmic actifitwadking to match the external condi-
tions [101] or from repeating occurring reflexes [149].

Postural responses adjust and modulate motor pattern®pe sbnditions[[225], changing leg
height according to roll and pitch anglés [64,110]. Slipperrain adaptation is achieved by Takemura
et al. [208], through a mechanism which detects the slipmddbe feet and chooses the appropriate
strategy.

Lewis [123] proposed a visual adaptation of the motor pagielearning in a long term context the
required modulations of the step amplitude during obstapf@oach, for a correct paw placement and
obstacle step-over.

2.4 Dynamical systems approach

Dynamical systems approach to behavior generation andrrootdrol has proven to be success-
ful in many robotic applications, offering interesting cheteristics based on the theory of dynamical
systems, which apply well to robot motor control.

In this framework, behavior-based approaches to roboitidsdensory events and perception to
actions, through to the natural evolving solution of a dyainsystem, defined as stable and unstable
fixed points, modeling the task behavior relative to the goal low-level sensory information [21,192].

Motor control is also achieved using this framework, enogdnotor control policies into the dy-
namical system’s landscapes, as defined by fixed points arddycles. Motor control policies are
formulated recurring to systems with adequate attractopgmties, resulting in a formulation which
generates in real-time kinematic trajectories (e.g. fosiand velocities), resistant against transient
perturbations and offering the ability for real-time maatidns. Motor policies converge to goal states
as defined by attractive fixed points, can converge to stalytlimic motions by converging to a limit
cycle (attractive closed orbit), while avoiding undesieastates or dealing with constraints which can
be defined by repeller fixed points.
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Dynamical systems present interesting properties foedtajy generation. It allows smooth real-
time modulation of the trajectory with respect to the systeparameters, the location of the fixed
points, amplitude and frequency of limit cycles. Theseaystalso provide for robustness against small
perturbations, converge to the original solution aftengrant perturbations because of existence of
globally stable attractors. Also it is possible to integra¢nsory feedback terms, by directly specifying
the set of dynamical parameters as time-varying sensotgmidormation, or by introducing external
forces or new attractors to the system, changing the attrdammdscape and adapting movements to
external and dynamic conditions.

The motivation of the dynamical systems approach to mototrobhas been recently exposed [157]
using ideas from optimal control.

All these properties were explored and applied in severaksvio robotics to achieve the generation
of motor trajectories in multiple DOF robots. It has beenleggpto control of reaching movements
in a robust way, adapting to sudden changes in the envirananexxternal forces acting on limbs and
generate collision free manipulation on redundant maatpus [78, 98]; to represent motor actions used
in learning through imitation [79, 91, 94]; and to controskaexecution time by exploiting the timing
characteristics of nonlinear oscillators [198]. Also widapplied in tasks which involve rhythmic
motions such as biped and quadruped autonomous adaptwmdtion over irregular terrain_[110],
juggling [191], drumming([46], and playing with a slinky t§221].



CHAPTER 3

MODELING CENTRAL PATTERN GENERATORS

As presented in the previous chapter, many works achiewva mgalking by successfully applying
CPG based methods in a wide range of legged robots. Howdese ts no defined framework for
applying CPGs, neither a fixed definition of what is underdtas a CPG in robotics. The author
herein considers that a robotic implementation of a CPGdasatroller should present the identified
features from biological CPGs, as presented in seétior®2regardless of the chosen methods for
implementation. A summarized list of CPG desirable featisgresented:

a) Endogenous generation of rhythmic patterns, indeperafehiythmic inputs and external events.

b) Production of coordinated movements, addressing thendathey problem by using a reduced
set of synergistic motions.

¢) Distributed implementation, allowing a flexible coordiioa to achieve different gaits.

d) Allow the modulation and control of locomotion through wal few high-level commands.

e) Allow the integration of feedback and reflex mechanismsforections based on sensory infor-
mation.

f) Capable of performing different locomotor behaviors.

g) Permit the inclusion of mechanisms for anticipatory anldintary action.

h) Having the potential for improving rhythmic patterns aasdrning motor abilities.

This chapter presents the pursuit of these identified featoy harnessing the characteristics of dynam-
ical systems and limit cycle oscillators, applied to theigle®f the proposed CPG on quadruped and
biped robots.

The proposed solutions in this work, for quadruped and bgmedrol are distinct on how the tem-
poral and spatial references of motor activity are produ€ed the quadruped walking problem, a CPG
model based on a method of distributed unit generators wasech Uses a simple representation of
the Landau-Stuart oscillator as its basic building bloglkodpicing the temporal and spatial references

27
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jointly. On the proposed CPG for the biped problem, the talpend spatial reference is divided into
two layers. The temporal reference is produced using phrestators, and the spatial reference using
a pattern generator based on a set of forcing terms in aitrdghamical systems, which define motion
primitives.

These systems offer interesting characteristics, whighyapell to model the biological CPG fea-
tures. Both the Landau-Stuart oscillator and phase osmitlgoroduce endogenous rhythmic generation,
addressing featuf@] They also allow for an easy coupling and synchronizatio® to their entrainment
abilities, allowing to accomplish featug} straightforwardly.

Featurdb)| is the accomplished in the quadruped solution by the wefired coupling between
the unit generators. The biped solution addresses the ioated set of motion primitives, which are
dependent on the timing of the shared phase oscillator.

Both solutions allow for an easy modulation of the producedanpatterns by parameter manipu-
lation, resulting in straightforward and meaningful chesign the produced motor behavior (feaftie
These changes result in smooth modulations for the produagzttories, even if through abrupt pa-
rameter changes. Moreover, it is possible to map changestfie control parameters to higher-level
command inputs, addressing featdje

These systems produce stable rhythmic patterns in regptitit limit cycle behavior, returning to
the normal stable state after small transient perturbatidhis characteristic, the intrinsic robustness of
the dynamical systems allows for an easy integration of@grfeedback mechanisms, by temporarily
influencing the system’s state (feat{gj.

The proposed method also has been demonstrated to havelityetalproduce rhythmic and su-
perimposed discrete motions, allowing to tackle motor kiha such as reaching movements while
walking [44] (feature[g)).

Lastly, due to its parameterizable and modular approachpissible to use optimization [152] and
learning algorithms for extending the robot’s motor atait addressing featufg}

3.1 CPG model of distributed unit generators

The key component on the proposed solution is the LandaarStscillator, as its versatility has
allowed it to be used on several other motor generation gts44.46,186], and its properties are easily
investigated analytically and numerically (presentedppemndix[A). The oscillator is here presented
as a building block for motor generation, demonstratingcépabilities and the possible parameter
modulations.
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3.1.1 Landau-Stuart oscillator

Consider the nonlinear dynamical oscillator containinggescritical Hopf bifurcation [201], given
by the following differential equations:

T =« (,Lw — 7’2) (r —0) —wez, (3.2)
Z =« (,Lw — 7’2) z+wi(x — 0), (3.2)
wherer = /(z — 0)? + 22, andz, z are the state variables. The oscillator presents two egfianp-

eters relatively to the simple Landau-Stuart oscillatarally used in previous works; and.. This
choice of introducing these two parameters was meant taugéethe role of the parameters that define
the quantitative solution from the qualitative solutiorttoé oscillator.

This nonlinear oscillator contains an Hopf bifurcation tstieat the solution bifurcates to either a
stable fixed point afz, z) = (O, 0) for ur < 0, or to a structurally stable harmonic limit cycle around
(z,z) = (0,0), for uv > 0. Herein, only parameter € {—1,1} is used to control these bifurcations,
while > 0 is maintained. Speed of convergence to the limit cycle odfpeint is given by‘ 20}W
These two qualitatively different solutions are depictedigs.[3.1(d) anf 3.1(b), respectively.

Oscillation frequency is specified through> 0 (rad.s~!). Amplitude of the oscillation (limit cycle
radius) is given by, /u:. VariableO controls the oscillatory offset on thesolution when the oscillator
bifurcates to a limit cycle, or the location of the point attfor inz when the oscillator bifurcates to the
fixed point.

Fig.[3.2 demonstrates the role of these three parametefig.[Ba2(a) the frequency of the oscillatory
solution is changed through the manipulation of the frequgmarametew. The amplitude of the
oscillatory solution is determined by parameterwhich is set according to the desired amplitude:
pn = A2 (fig.[3:2(0)). The tracking of the desired oscillatory offgedemonstrated in fi. 3.2{c) for
t < 5.5s (v = 1), and the tracking of the desired point attractor#or 5.5 s (v = —1).

The oscillator can easily alternate the direction of thelpoed solution. As demonstrated in fig.]3.3,
the limit cycle rotates clockwise or counterclockwise # —1 or . = 1, respectively. This change in

the limit cycle’s direction results in the inversion of thagions in time.

Independent control of oscillator phase durations

The oscillator described by ed. (8.1]3.2) generates asmill solutions in which the ascending
and descending portions have equal durations. However Iojpuolating the frequency parameter
periodically, one can achieve durations with independenatibns, as proposed by [174].

w1 w2
_ 3.3
w e—az+1+eaz+1’ ( )

where frequency alternates between two different values, andw,, depending on the value of
For. = 1, on the positive portion of (= > 0), the mechanism assigns value tow, andw- during the
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(a) Fixed point at0, 0) (b) Limit cycle with amplitude 1
0.2 1 05 |
DU /\/\/—ww ° 0
S &
-0.2 1 -0.5 |
-0.4 -1
1 2 3 4 5 0 1 2 3 4 5
Time (s) Time (s)
(c) Fixed point af0, 0) (d) Oscillatory solution with amplitude 1

Figure 3.1: Oscillator solutions for the system defined by. €§.13.2). Whem = —1 an attractor
fixed point solution is obtained ({g),[c)), and wher- 1 a limit cycle solution is exhibited ((),(d)). Ini-
tial points:(mo, ZO) = (0.2, —0.4), (.%'1, 2’1) = (0.75, 0.8), (1‘2, 22) = (1.0, 2.0), (.%'3, 23) = (—5.0, 0.3).
The point attractor, and limit cycle center(i& 0) (O = 0), with ;. = 1 for a unitary amplitudea = 1,

1, = 1 andw = 6.3 rad.s~'. In[{@] and (B) the vector field is presented in the backgrotmc) and (d)
x solution is the solid line and is the dashed line.

negative portion ot (z < 0). For. = —1, the opposite is true. On the positive portionzafz > 0), wo
is assigned ta, andw, for z < 0. By changing the frequency value in each portion of theolution,
it is possible to independently control the duration of epottion. The alternation swiftness between
these two values is controlled ly

Fig.[3.4 demonstrates this modulation mechanism, preggtiie alternation inv value and the
resulting solution.

Summary

In summary, the discussed oscillator is able to producdisakithat can be summarized as follows:

e A discrete trajectory to a desired point if v = —1.

¢ Rhythmic trajectories with amplitudg’zz and frequency around an offse®, if v = 1.
e The superimposition of both rhythmic and discrete soligion

e Invertible solutions by setting parameter
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(b) Modulation ofy to obtain{2, 10, 15, 30} amplitudes, by setting = {4, 100, 225, 900}, respectively.
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(c) Change of the offse® = {—30, —20, 015, 20, 30}, translating the limit cycle offset untl < 5.5 s, and
producing discrete motions with a point-attractor frény 5.5 s.

Figure 3.2: Demonstration of the quantitative changes ersttutions obtained when manipulatiag
wandO.

¢ Rhythmic trajectories with independent durations of ado@nand descending portions.

Fig.[3.8 demonstrates the parameters’ roles in the genetrajectories and their modulation.

In panel (A) there is a discrete solution towards the offsgarameter (dashed line). Singe= —1,
the rhythmic solution is off. Rhythmic solution is turned att = 0.5 s panel (B). The offset parameter
O is also changed, altering the offset of the rhythmic sofutidrhis superposition of discrete and
rhythmic solution is verified both in panels (B) and (D).

In panel (C), small changes of the parameter modulate the generated trajectories in fregquenc
Note the fast but smooth amplitude modulation of the gerdraahjectories according to small changes
in the ;. parameter. The oscillator promptly changes the frequemdyamplitude of the generated
solutions, resulting in smooth and responsive trajecotie (D) the oscillator is inverted.



3.1. CPG MODEL OF DISTRIBUTED UNIT GENERATORS 32

15 1 1 1 1 1
-3 -2 -1 0 1 2 3

(a) Limit cycle exhibiting two oscillatory directions. Thoscillator rotates counter-clockwise in the first seconds,
as set by = 1, and later rotates clockwise by changing the parameterto-1.

Time (s)

(b) The change in oscillatory direction is identified by tiarge in precedence betweeigsolid) andz (dashed)
solutions. For = 1, z is ahead ok, while for. = —1 z is trailing z.

Figure 3.3: Demonstration of the direction reversal abditthe oscillator. At5 s parameters changed
from 1 to -1, changing the direction of the limit cycle. Forettier visualization of this change, the limit
cycle center point was changed from (-1.5,0) to (1.5,0) at5 s

These features enable the production of flexible trajezsoniithin the solution space of the oscilla-
tor, encoded by the values of its set of parameters. It ietber assumed that the presented oscillator
presents advantageous characteristics for rhythmic ncotarol.

3.1.2 Oscillator coupling

The presented oscillator is also well suited for distridutese, as will be explored in the current
section. This aspect will allow creating an organized nektwaf oscillators resulting in a CPG, and
after, a network of CPGs that result in the locomotor coldrolThree different methods to achieve
phase coordination among the oscillators are here prekergtablishing arbitrary phase relationships,
in-phase coupling and double frequency coupling, each avidlstinct objective and application.

Besides the methods here presented, it would also be pmssibise symmetry group techniques
to achieve coordinated spatiotemporal periodic solutinrescoupled network, reflecting the temporal
relationships existing in quadruped and biped gaits. Hewthe method’s simplest network requires a
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Figure 3.4: Frequency modulation mechanism as proposed #).[ The frequency of the oscillator
alternates periodically between two values, achievingrhdent control of the duration of the oscil-
lation portions.
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Figure 3.5: Evolution of the generated trajectory (blatkptgh several changes of parameters. Dashed
line depicts offsetD throughout time. On (A), since = —1 the oscillator relaxes to the value Of.

The rhythmic activity is activated in (B),(C),(D). In (B) drfD) both discrete and rhythmic trajectories.
Frequency is decreased from (B) to (C) and (D). In (D) thellagor is inverted.

minimum of the double of cells to produce the possible geitght cells in the case of quadruped gait
and four cells in the case of biped galts|[33,/165]. Moreoiés, not clear to the author which kind of
coupling terms should be used, and how to find the couplingggaio achieve the desired spatiotemporal
relationships. Besides, it is not evident if it is possiliestvitch in real-time and straightforwardly,
among the possible spatiotemporal relationships.

Arbitrary phase relationship

Here it is considered that is desired to achieve an arbipphase relationship between two oscil-
lators. This phase relationship may be obtained by the gmm#at of a rotation matrixR(#), which
rotates the linear terms onto each other, producing thecoinfluences on the oscillator to achieve the
desired entrainment, as outlined by Buchlil[26, 28].

The rotation matrix is added as a member to the oscillatoe fepresented in matrix notation.

Ti| _ fa(xi — Oy, 2)
% Jo(xi = O4, %)

This coupling mechanisms maintains a desired phase nediio, 9{ imposing a phase relationship

(z;-05)
| oo

] T
+ kR(¢; 67) [ é

Ty
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from oscillatorj onto oscillatori. Parametek specifies the coupling strength between the two oscilla-
tors, which can be useful when it is desired to decouple tkeifip oscillator, or increase the strength
of the influence between two oscillators. The oscillatonBuience is normalized, divided by the os-
cillator’s radiusr;, minimizing the effects of the difference in amplitudesvisetn the two oscillators.
Parameter; accomplishes a correct coupling between two oscillatasiig the information of the
direction of the coupled oscillator.

In-phase coupling

In phase coupling is a particular case when the desired peés@onshipd = 0, simplifying the
terms to be added to the oscillator equations.

& =fo(x; — O4, %) (3.5)
5 =fu(wi — Oy, 2) + KL (3.6)

Ty
However, as shown in eq$. (8.5]3.6), the coupling term imignored, to accommodate the possibility
of oscillator with different limit cycle directions.
This mechanism allows for a very simple coupling method tuie® in-phase coupling between
two of the presented oscillators.

Double frequency coupling

It may be desirable to achieve in-phase relationship nadémtee between two oscillators, where the
leading oscillator entrains a faster oscillator with deuthle frequency. By adding the coupling terms
presented in eqd. (3.7,8.8), oscillaiaran be coupled to a leading oscillagor

& =fo(x; — O4, %) (3.7)

Zi =f:(vi — O, 2i) + KM (3.8)
J

Fig.[3.6 demonstrates what is meant by coupling two oseiatvith double the frequency. Lead-
ing oscillator (x1, 21) presents a period of 4 s, while oscillators, z2) presents the double of this
frequency. Notice that during one of the half portions ofiltetor 1, a complete synchronized oscil-
lation is performed by oscillator 2. The mechanism syncizemthe onset of oscillations between the
two oscillators.

This coupling mechanism will be very useful in the achievatref periodic modulatory mecha-
nisms on the proposed organization of the CPG, as will bespted in the next chapter.

3.1.3 Discrete dynamical system

On the proposed locomotor system, along with the producifahythmic motions, it may also be
required to produce solely discrete, point to point motioHsis ability is accomplished by using a set
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Figure 3.6: Leading oscillator 1 (top) performs a period of 4nd oscillator 2 (bottom) a period of 2 s.
The coupling mechanism accomplishes a synchronized egaaftoscillations between the oscillators,
with coincident onsets.

of differential equations based on the VITE (Vector Intéigmra To Endpoint) model [32], and based on
the discrete system of [46].
A discrete motion is generated by:

y=wv, (3.9
b2

U= —Z(y — yg) — bu. (3.10)

The system produces stable, critically damped solutioat dbnverge asymptotically and monotoni-
cally to targety,, defined as an attractive fixed point, with a speed of conveeefined by parameter
b.

The simplicity of the system is a very attractive charastarifor motor control, with one only
tuneable parametérand a control variablg, for the goal of the motion. It also produces smooth and
continuous trajectory accelerations, and its suited ferabplication along the proposed CPGs, or even
into the CPG as control input.

3.2 Two layer CPG model

The proposed two layer CPG model is implemented by resottirtgro dynamical systems tools
into two distinct functional layers, a rhythm generatiopdaand a pattern generation layer. The division
onto two layers addresses temporal and spatial generatiepéndently, which allows to generate more
complex spatial solutions than the previous Landau-Stsaitlator.

For the rhythm generation layer, a phase oscillator is eypaplo The pattern generation layer is
divided in several units of pattern generators, each iricid set of forcing terms driven by the rhyth-
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mic phase produce periodic trajectories. The final peritdijectory produced by a pattern generator is
the overall result from the employment of these forcing ®riorcing terms describe simple motions,
meant to be employed as components for building and aclgieaiore complex motions. Motor behav-
iors are achieved by performing complex motions, brokenrdimto simpler constituent motions. It is
a synergistic approach, considering that by weighting, utedthg or sequencing the simpler motions,
one can accomplish the generation of more complex trajestor

This approach is based on the notionnebtor primitives which hypothesizes that the generated
motor output from the vertebrate motor system is accomgtisthrough a combination of a number
of units of motor output[[23, 62]. Small functional units inet spinal cord produce specific patterns
of muscle activation, also namegnergies as discrete building blocks which combined result in the
production of a variety of movements. This method for theofam of motor control allows the CNS to
handle a large space of solutions, simplifying the low-d@ativation of the muscles, handling only the
activation of synergies, instead of individual muscleingd in the movement [190]. It is an effec-
tive method to accomplish coordination among a large nurabBXOFs for a determined stereotypical
behavior in low-level control. The problem of motor contooimes down to a role in selecting, appro-
priately activating pre-existing motor primitives, or evegansforming and deriving from an existing
limited number of stored motor primitives.

This concept is applied in the presented approach as kinemmator primitives, herein named
motion primitives proposed for the case of rhythmic motor behaviors in lodiono

3.2.1 Rhythm generator

Similarly to other CPG implementatioris |10, 147, 216], ahiny generator layer is implemented as
a phase oscillator, producing the driving rhythmicity foe tpattern generation.

The coupled phase oscillator is given by:
i = w+ ksin (¢, — ¢ + 1), (3.11)

whereg; (rad) is the phase CPGand ¢, (rad) is the phase of CPG. The phase increases monoton-
ically and linearly with rate ofs (rad.s~!), bounded in the range-, 7] (fig[3-7(@)). The goal is to
have the phase of the oscillator set the pace for the geoemattiperiodic trajectories, as a time keeping
clock for the generation of the rhythmic motions for the CRG

The use of a phase oscillator provides for a simple mechafisentrainment and phase locking,
which has been extensively studied and applied to synchation phenomena]1]. The included cou-
pling termk sin (¢; — ¢, + m) maintains a desired phase relationshiprdietween oscillatop ands,
with a coupling strength of. Analytical demonstration of the coupling is presentedgpendiX B
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3.2.2 Motion pattern generator

In the proposed implementation, each pattern generatasischon a basic point attractive system,
represented by a first order dynamics.

= —Z ‘|‘ij ¢27¢Z (312)

O specifies the goal attractor, or baseline for the final geeeéndnythmic motion, and: its time con-
stant. Without any forcing termg;, the system converges asymptotically towards the goand no
rhythmic activity exists. The system must then be subjegeiiodic influences through the forcing
terms and the phase oscillator output, producing the findhrhic trajectory.

A single forcing functionf;(z, ¢;, qﬂi) maps the current position and the phase of the step cycle to a
force which influences the system'’s final output. Each faréimction is anchored into a specific phase
value from[—m, 7| rad, resulting in a rhythmic pattern driven By. The final generated trajectory
results from the sum of all forcing functions.

Fig.[3.7(b) demonstrates the output of the pattern gerevdten employing a forcing ternf, =
10$ sin (¢) for 21, and fo = —10¢52 exp ( o 548) for z,. The final pattern from; is achieved by
employing the two forcing termg; + f3, resulting in a more complex rhythmic pattern.

In terms of stability, the system is guaranteed to conveogthé attractorO in the absence of
forcing terms if an appropriate is chosen ¢ > 0). Furthermore, the magnitudes of the forcing
terms employed in ed.(3.112) are limited and bounded by desimis the system is BIBO (Bounded-
Input, Bounded-Output) stable, producing a solution adoOngiven that the rhythmic forcing terms
are limited in amplitude [94].

The system in eq[(3.12) could easily be substituted by anskooder system, like a linear spring-
damper such as in forced velocity DMPs|[91].

In this formulation, a single motion primitive is defined aset of forcing functions assigned to
the pattern generators among the required joints. The $etanhg functions defines a rhythmic motor
behavior, coordinating all the recruited DOFs, used as ldibgi block for the final motor behavior.
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(a) Output from the phase oscillator in the rhythm genenaltyer.
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(b) Output from the pattern generation layer.

Figure 3.7: Demonstration of two distinct rhythmic patteimz; andz, resulting from applying/; and
fo, respectively, as well as the combinationzif resulting fromyf; + fs.



cHAPTER 4

QUADRUPED LOCOMOTION

Locomotion generation for legged robots is a complex prokileat can be divided in several sub-
problems such as: gait generation, posture control, afiapte the environment, planning; too enu-
merate just a few. In order to tackle some of these problengsi@ruped locomotion, a bio-inspired
architecture is proposed, based on the functional modebtddical motor systems, and on the use of
dynamical systems to model Central Pattern Generators $§;R& presented in chapiéer 3.

The proposed architecture is able to produce a varied rangeadruped motors skills, having the
ability to achieve goal-oriented locomotion and navigatas directed through high-level commands
from local planning methods.

The chapter will start with the design of the proposed CPGrotiar, and explain how the tools
presented in chaptét 3 are used to produce the motor actormufdruped locomotion. A series of
experiments and simulations are subsequently presenteihtonstrate the adequacy of the proposed
CPG controller to produce purposeful, goal-oriented logtom. The omnidirectional walking capabil-
ities on the AIBO ERS-7 are presented, and a navigation egdjoin in simulation. Later on, a tentative
approach to include a phase entrainment feedback mechanisrasented. Lastly a feedback mech-
anism for posture and balance maintenance for a standindruped is proposed, and tested on the
AIBO ERS-7, subject to postural perturbations in a testilagferm.

4.1 Related works

Quadruped omnidirectional locomotion Quadruped omnidirectional locomotion has been achieved
through different methods in several works and applicatiohe most usual method for achieving
omnidirectional walking is by employing model based methagquiring the planning of footholds,
resorting to a desired gait plan and the use of inverse kitiesnand body dynamic$ [37,59,90, 224].
Parameterizable walking motions are also used and omaiiinal walks can also be found [76],
where optimization was used to find the best parameters édethmotions|[38, 85].
There are some implementations of CPG based controllersevcuadruped steering is achieved,

39
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but not omnidirectional locomotion. Tsuijita and colleag(@15] proposed a dynamic turning control
system for a quadruped robot with a body yaw joint, which isiaaot suitable for the AIBO robot
due to its configuration and rigid body. Hiroshi Kimura andleagues([111] designed a locomotor
controller based on neural systems and integrated it witwarravigation controller in order to achieve
the turning motion, however their steering approach isifipgor a quadruped robot with yaw joints
on the legs. Omnidirectional locomotion by neural osdltatetworks is presented and demonstrated
in 6 and 8-legged robots in the work of Manoonpohg [127], dbsty modular neural control struc-
tures consisting of three different functional moduledjaing discrete-time neurodynamics, capable
of performing omnidirectional walking as well as reactivehbvior.

However, to the best of the author’s knowledge, omnidicgzti locomotion has not been addressed
in the framework of dynamical systems and limit cycle oatits. The proposed work tries to serve this
purpose by presenting a general, model free controllergusia framework of limit cycle oscillators
and dynamical systems, that autonomously generate theeddeg trajectories, modulated according
high-level commands to achieve omnidirectional walking.

Entrainment in quadruped locomotion Many efforts have been taken to design methods for cor-
recting and adequating the CPGs’ nominal output in face ekpected perturbations or unperceived
changes in the environment. One typical approach is thesed@nt of the nominal stepping frequency
of the CPG, either by phase manipulation or frequency tragki

In quadruped robots step phase manipulation has been adht@ough phase resetting and through
phase regulation. The former resets the phase of the stég wyon an external event, typically foot
strike [11/216]. The other method for phase regulation radsitthe transition between step phases,
delaying and eliciting the transition depending on extecoaditions, typically leg load [135,136,174].

Other methods exploit the entrainment properties of thdlasrs employed in the CPGs. For
instance, frequency tracking was demonstrated for the tantguadruped robot Puppy [29].

The present chapter explores a phase feedback inspiregiwottk of Morimoto [88] and Fukuoka [64],
aiming to entrain the CPG oscillators with the phase of thmt's periodic motions. The goal is to ex-
ploit the entrainment properties of the oscillator, whithi@ving phase manipulation for the adjustment
of the nominal step frequency.

Posture control There are already a few works that apply CPGs and nonlingzardical systems to
address locomotion and postural control. Hiroshi Kimurd enlleagues [64] generate a dynamically
stable gait on irregular terrains. They includeestibulospinal refleand atonic labyrinthine response
to adjust the pitch and rolling during locomotion.

Lewis et al. [122] apply CPGs to generate the movement fohihend knee joints. Their goal is
to equalize pressure on the feet by making suitable shittsiirk position and trunk configuration, and
therefore achieve postural control. However, it is reglimetwist joint in the robot trunk to apply the
mechanism.

Ridderstrom and Ingvast [172] implemented a standing aqumedt robot postural control to control
the trunk’s desired roll angle, pitch angle and height. Thelieve posture control, maintaining the
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trunk’s horizontal position by distributing the appliedrtieal forces of the body on the legs through
hybrid control, relying on impedance and torque controirfrine WARP 1 robotic platform.

Maufroy [135/,136] achieves postural control in the froqtaine of the quadruped robot, by applying
phase resetting mechanisms, which extends the stance phtse leg supporting the body’s mass.
However the proposed system does not explicitly deal wisityral control, such as trunk attitude and
height control. The postural corrections are an impliciutefrom the phase resetting mechanism.

Zhang and Zhengd [225] present a control strategy biololgiéaspired that allows a quadruped
robot to walk smoothly up and down hill. They present a CPGba®ntrol that uses the pitch angle
of the trunk as feedback to adjust the body, argued by theoeutts similar to the way that cats do.

The proposed work a places greater interest in exploitiagritegration of different sensory modal-
ities, creating a more robust response in posture. The peabwork strives only for standing posture
control, as a precursor to locomotion integrated with pestontrol.

4.2 Quadruped CPG approach

The purpose of this section is to design a locomotor cortrathpable of generating and controlling
the joints of the legs of a position controlled quadrupedtolbhe proposed architecture is bio-inspired
in the vertebrate biological motor systems, and is strectum functional hierarchical levels according
to their role on the motor control of locomotion, similarly the motor control systems involved in
goal-directed locomotion in vertebrates. The design ofatohitecture takes into account experimen-
tal knowledge about how the nervous system deals with thecagoroblem in a robust and flexible
way [47]72,189,214]. Fig. 4.1 presents a schematic of topgsed architecture.

A generation level addresses the role of the spinal cord andrgtes the motor patterns by networks
of CPGs|[47,107]. The concept of biological CPG includesitlea of hierarchical organized unitary
oscillators: the unit-CPG. A single unit-CPG controls antivates the antagonistic muscle pairs, con-
trolling the movements of a single joint. Movements of a legy@ontrolled by a limb-CPG, composed
by a group of coordinated unit-CPGs within a leg. They aradioated to provide flexible generation
of motor patterns in a single leg, a synergy of movements filwarjoints that result in purposeful leg
movements.

The regulation level models very basically the brainstemmand centers for initiating, regulating
and stopping CPGs activity and therefore initiate walkiggjtch among gaits, control the direction
of movement and stop the locomotion, similarly to signaleveel from the brainstem of biological
systems|[71]. It is assumed that despite the complexity efissired motor behaviors, they should be
built upon small blocks, which can be modulated accordingai@meter values that explicitly reflect on
the desired final behaviors. Therefore, each motor behakimuld have an associated set of parameters,
selected, modulated and timed from high-level commandis [€tel receives the desired robot angular
velocity, the robot walking orientation and a modulatorgrsil which encodes the desired duty factor
and outputs the set of CPG parameters: frequency, amplindeelative phases. By sending these at
the right timing to the generation level, it results in thedualation of the generated trajectories and thus
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Figure 4.1: Proposed architecture based on a CPG networth ERG has a set of parameters that
specify the leg movement.

in different motor behaviors. A smooth behavior switch aetidvior modulation, which also can be
elicited according to sensory information.

A third planning level would be responsible for the plannamgd execution of voluntary and an-
ticipatory motor actions. It could use high-level sensarfpimation, such as vision, and knowledge
on the environmental context to elicit voluntary foot planant, or anticipatory balancing actions. In
section 4.4, a simple local navigation controller will take place of the planning level, as means of
demonstrating the modularity of the architecture.

Similar architecture for accomplishing other behaviorptlisposed by Degallier [44, 45], using
simple dynamical systems that are able to generate disanetehythmic motor primitives, and more
complex movements through their superposition.

Next, each of these levels is explained in more detail.

4.2.1 Generation level

This level generates the low-level motor activity that dilg controls the joints of the robot. It is
a coordinated network of four CPGs, able to produce quadruadking motions, depending on the
desired motor behavior specified by a set of parameter vatissh CPG controls the generation of the
motor patterns within a leg, by employing coordinated @i&s, one per joint. This scheme for the
generation level addresses the problem of redundancyghrtine tight coordination of the unit-CPGs,
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and the subsequent coordination among the four CPGs, reglthe solution space of possible motions
to be generated.

Hip unit-CPG

The unit-CPG is the conceptual unitary constituent of the-llevel movement generator and is
considered to be implemented by the oscillator given in ¢§4,[4.2[4.8) (described in sectibn]3.1)
that generates movement for a single joint.

& =a (pr — 7"2) (x — 0) —wez, 4.1)
Z =« (,w/ — 7’2) z+wi(x — 0), (4.2)
w=—t 2 (4.3)

e~z 1 e 41’

The generated solution from this oscillator is used as the control trapegtfor both hip joints of
the robot legs. These trajectories encode the values obihesjangles {) and are sent online to the
lower level PID controllers of each hip joint.

It is assumed that the descending phase ofcttr@jectory, when = 1, corresponds to the stance
step phase, in which the foot moves backwards, and the hipggaint value is decreasing, thus pro-
pelling the robot forward. The ascending phase is the mométhat places the foot in a more advanced
position, ready for the next step, and corresponds to thegsstep phase. This is depicted in fig. 4.P(a).

Changes in the limit cycle direction, through parameteesult in changing the step stance phase
between descending & 1, counterclockwise limit cycle) and ascending=€ —1, clockwise limit
cycle) phases of the trajectory. In practice this change specifies the direatibiine propulsive action
on the stance phase, and the direction of the protractioheswing phase.

~
@ ; Stance, Swing

0 0.5 ‘ 1 1.5

@) (b)

Figure 4.2: Stance and swing phasesfoet 1. a) The robot is pushed forward. The corresponding
movement of the descending trajectory is the movement dfipgghe robot forwardb) z (solid line)
andz (dashed line) trajectories: trajectory (solid line) is the control policy for the hip-Bw joint of
the robot. When: < 0, the robot is performing the swing phase. Eas 0 the robot is performing the
stance phase.
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The stance and swing phases are also easily identified biiosoly independently of the current
limit cycle direction. Determined by the frequency modigdatmechanism in eql(3.3), when< 0
the leg is executing the swing step phase. When 0 the leg is executing the stance step phase

(fig. @-2(5)).

Duty factor In quadruped locomotion, an animal changes its velocitynbyeiasing or decreasing the
number of steps per second [[72, 81]. The two main phases ofitivement are not equal in duration:
the swing phase period (extension) keeps approximatelgtanty whereas the stance phase (flexion)
varies in duration from a slow walk to fast running, a trot ayadlop [72[81]. These two step phases
are related through the duty factére 10, 1[, given by:

Tst

=—= 4.4
/8 Tst + Tsw ( )

whereTy, T, are the stance and swing phase duration, respectively. Byatking the duration of
the ascending and descending phases ofctimjectory with the frequency modulation mechanism
from eq.3.3, it is possible to control the durations of théngwand stance step phases independently,
and thus the duty factor. To achieve a desired gait, a dutprf¢g) is achieved by keeping the swing
frequency constar(twsw = ﬁ) , and changing only the stance frequency for the differeatiqupedal
gaits (eq4b).

1-p
Wst = —5 Wsw (45)
g
Input parameters Each unit-CPG takes a set of parameters for the modulatidimeajenerated tra-

jectories for the specified joint. The set of input paransetee:

e v € {—1,1}, switches on/off the rhythmic activity
e 4 > 0, modulates the amplitude of oscillations £ A?)
e . € {—1,1}, modulates the direction of the trajectory

B €]0, 1], changes the walking velocity since it controls the stangatibn within the period of
the step
e O, sets the value of the oscillation’s offset or the goal-dise movement

The goal is to have this set of parameters to serve as inpésified by the mechanism presented
in the next sections, controlling the parameters for thiediht motor behaviors.

The parametera, wy, anda are seta priori. Parametet,, specifies the swing phase duration,
which is kept constant. Its value depends on the desiredispfemovements and on the robotic plat-
form.

Notation It would be desirable to have a small clarification on the ussdtion from here onward.
The quadruped AIBO robot has four legs, each with threegoilherefore, each instantiated unit-
CPG for one joint will be identified using subscript notatiomthe system variables and on the variable
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parameters. Subscrigtdenotes a joint, out of three possible joints within one &agh one with their
own subscript. i.e. hip-swing (flexion/extensiors}: hip-flap (abduction-adduction)t and knee:k.
Subscript; denotes a leg, out of the four: fore leff'L, fore left - FR, hind left -HL and hind right -
HR.

Some examples:

e 1 ; - x State from the hip-flap unit-CPG, on the generalieg

Ls,F1, - control parameter for the hip-swing unit-CPG on the lefefeg.

wsw - general frequency for the swing phase.

zj; - general representation forzastate from a unit-CPG, in joint and leg:.

Knee unit-CPG

Two methods for the knee unit-CPG are here proposed. Thenfetfiod accomplishes a simple
mechanism to produce the flexion and extension of the knee.s&bond mechanism is a little more
complex, as it must be able to produce a parameterizabldalpabk trajectory of the knee, mimicking
the yield during the stance phase.

Simple flexion/extension The knee joint can also be controlled as simple as possiplepécifying a
single angle valué,,, for a flexed state of the leg during swing, and one other ahgl®r an extended
leg during stance. This simple motion can be achieved by @yimg the discrete system presented in

chaptefB by eqs[ (4(6,4.7).
y=v, (4.6)
v=——(y—g) —bv (4.7)

Goal attractoy is alternated between the two angle valégst.,,, depending on the current step phase,
as given by the hip unit-CPG:

Hst st

g :e—azs—l—l + eazs+1 (48)

If zg < 0, the leg is in the swing phase and the knee flexésfolf z; > 0, the leg is in the stance
phase and the knee joint extend®tp Each timey is changed between these two values according to
the current leg step phase, the system solution convergegpsstically towards the desired joint angle.
A smooth and continuous joint acceleration is producedugsub from second order system generates
the movements for the knee.

Double peak trajectory A parameterizable double peak trajectory is produced byl@rmg the
Landau-Stuart oscillator from egb._(4.0),(4.2). For pwdg the double peak, the knee unit-CPG must
have a general step period of half of the step cycleand produce two cycles during a step, one on
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swing and one on stance. Furthermore, for achieving a dedirgy factor, it is required to have two
frequencies for both cycles, one frequency for stange and one frequency for swingy s,. By
employing a similar frequency modulation mechanism adZ8§),(the frequency of the knee oscillator
alternates between these two values, accordingly to themuleg step phase, as determined by the
hip-swing unit-CPG 4 in eq. [4.9)).

Wy = Wk,st + Wk, sw (49)

efa(zsfzadj) +1 ea(zs—zadj) N 17

To provide a little more temporal flexibility in the specifitan of the flexion and extension trajec-
tories of the knee, the,q; is introduced. This parameter allows to widen the tempouahtion of the
swing phase, extending the duration of the swing cycle irktie, by a fraction of the stance duration
(dagj € 10, 1]). Parameter,q; and knee frequencies are calculated from:

Sos
Zadj = Sin ( a;hﬂ> A, (4.10)
2w
Wkst = (4.12)
. Tsw - Tst5adj
2T
Wk sw = (4.12)

Tst(l - 6adj),

wherewy; is the employed stance frequency in the hip unit-CPG, At frequency. T, andTy; are
the swing phase and stance phase duration of the step gsbeatively.

The parametrization of the trajectory profile is performgdpecifying three values: the amplitude
during the stance phasdy ; the amplitude during the swing phasé, .; and the offset during the
stance phase)y ;. Offset of the knee during the swing phase is determinedreoup to the three
values:Oy sw = Ok st — Ak st + Ak sw

The same mechanism used in frequency modulation is usdufpetriodic modulation of amplitude
and offset.

A12< st A12< SW
Y SR a(ronts) 4 1 (4.13)
e iJ+1 e i) +1
0] O
Ok _ k,st + k,sw (414)

e—a(Zs—Zadj) + 1 ea(Zs_Zadj) + 17

(4.15)

Fig.[4.3 demonstrates a knee unit-CPG (bottom) producingubld peak trajectory with a stance
amplitude ofd.; = 5 aroundOg; = 0, and a swing amplitude o, = 25 with and offset ofD,,, = 20.
On the first example (left), the duration of the swing phasxactly the same as the swing duration of
the hip unit-CPG. On the second example (right), the swiragplof the knee is extended by half of the
duration of the hip’s stance phase.

In practical terms, this mechanism allows a more detailedyoction of knee trajectories, employing
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Figure 4.3: Double peak trajectory as produced by the kn&eQRG (xy, z;). Both hip unit-CPG
and knee unit-CPG are coordinated in the production of thecst and swing phases. The knee CPG
is parameterized to produce an amplitudle, = 25 on swing, and an amplitudd,; = 5 on stance,
around an offset o, = 0. On the left both unit-CPGs execute the same swing duraforthe right,
the knee swing duration is increased in half the period okthace phase.

the same oscillator, without increasing the dimensiopalitthe system.

Limb-CPG

For a correct expression of the movements within a singled@goper synergy of movements in all
joints within a leg must be ensured. The generated rhythmajedtories for the different leg joints must
be therefore coordinated in time. The step phase in all jegitss must be coordinated, accomplishing
synchrony of step phases.

This kind of intralimb coordination is achieved within thmb—CP@. The limb-CPG is composed
by three unit-CPGs, one for each joint of a leg. i.e. hip-gn(s), hip-flap (f) and knee (k).

Coordination of the DOFs within a leg is achieved by couplinga specific manner, the unit-CPGs
within the same leg. These couplings explore the entraibraed synchronization properties of the
used oscillator. Specifically, when a swing joint is in thérgyyphase, also the corresponding flap joint
should be in the swing phase; independently of their indi@idimit cycle directions, amplitude and
offset.

Fig.[4.4 presents how the three unit-CPGs will be coordthaig¢hin a limb-CPG. It presents an
hierarchical influence, with the hip-swing unit-CPG actagya leading oscillator, entraining the other
unit-CPGs. This coupling organization considers the ideam the distribution of the spinal locomotor
CPGs|[[107]. Each of the coupling mechanisms representeldedigure will be further detailed.

LIn this work, CPG and limb-CPG are interchangeable terms.
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limb-CPG

/o

®
L

Figure 4.4: Schematic view of hierarchical coupling betw#® unit-CPGs. All the units are coordi-
nated in order to generate the correct leg movement durgrotion.

Unidirectional coupling from hip-swing to hip-flap Each flap unit-CPG is unilaterally coupled to
the corresponding hip-swing unit-CPG. This coupling isi@otd by the mechanism presented in sec-
tion[3.1.2. The unit-CPGs are coupled througlvecause it allows the simplest in-phase coupling
method, where it is possible to independently control theations of oscillations on both unit-CPGs.

Unidirectional coupling from hip to knee It is required to couple the knee unit-CPG to its leading
oscillators when using double peak unit-CPG for the kneecaBse the knee unit-CPG produces a
faster rhythmic output, with double the frequency of the hifit-CPGs, it is necessary to employ the
coupling method presented in section 3.1.2.

The coupling accomplishes a correct synchrony of swing #éace phases between the hip unit-
CPGs and the knee, even if the rhythmic activity in one of tips is stopped.

CPG network

The four limb-CPGs are then coordinated among each othadar ¢o generate the adequate step-
ping sequence of the desired gaits. This interlimb cootitinas achieved by bilaterally coupling the
swing and flap unit-CPGs among each other, ensuring a caweatlination between the legs.

Fig.[4.5 depicts how the coupling between the four limb-CPGechieved. Using the mechanism
presented in sectidn 3.1.2, two unit-CPGs are coupledhiegenaintaining a desired phase relationship
6. A layered approach is chosen: every hip-swing unit-CP®igled among each other, and all hip-
flap unit-CPGs are coupled among each other. This approaelyusred to address the generation of
decoupled trajectories for the hip-swing and hip-flap ming.g. in case of forward walking, hip-flap
joints activity is stopped; in case of lateral walking, Is\wing activity is stopped.

Each unit-CPG has a parametgr;, which specifies the coupling strength upon itself, the-@RIG
for joint j in legi. This aspect may be useful to detach a specific leg from thersth ceasing rhythmic
activity and performing tasks other than walking.
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Figure 4.5: Structural view of the CPG network. The swing+@#®Gs are bilaterally coupled among

each other, as well as the flap unit-CPGs (dashed arrows)swihg unit-CPGs are unilaterally coupled

to the corresponding flap unit-CPGs (solid arrows). Thigllegceives the required parameters from
the upper level.

Quadruped phase relationships The relative phase relationshif}g (rad) between the oscillators are
calculated according to the gaits’ relative phase. Therghitive phase of leg ¢;, is the time elapsed
from the setting down of an arbitrary reference leg (herbiosen as the left foreleg), until the foot of
leg i is set down, given as a fraction of the cycle time. The retaiiase relationships between légs
ando are given by the difference of the gait relative phase of lagdo in radians:
02 = (p; — o) 2. (4.16)

In this work are only addressed symmetric gaits, which asMagveor;, = 0, ppr = 0.5, and
eur = pur, — 0.5. Fig.[4.6 presents the gait sequence of the two gaits addi@sshe presented work,
walk gait and trot gait.

Walk Trot
LH I LH I
LFH | LF ]
RH I | RF I
RF I | RH ]
0 0.25 0.5 0.75 1 0 0.25 0.5 0.75 1
Pru Prr Prx Prar Prn Prin
? o

L

Figure 4.6: Gait diagrams for the walk and trot gaits, repnéiag the phase relationships between the
footfalls of the several legs.

By substituting the values onto ef]. (4.16), it is possiblexpress the oscillators’ relative phagés
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in terms of the gait phasemy,, as presented in tallle #.87(= —67). Interlimb coordination can then
be achieved by specifying only the gait phasg,. Typically, 1, = 0.5 andeyy, = 0.75, for trot and
walk, respectively.

Table 4.1: Phase relationships between the oscillators.

i [ o] Al
FL | FR -7
FL | FL —HL2T

FL | HR (—QDHL + 0.5) 2w
FR | HL (—QDHL + 0.5) 2w
FR | HR (_(PHL + 1) 2
HL | HR T

Overview of the generation level

The final CPG network (fig.4.5) has controlled phase relatiges and is able to generate complex,
synchronized rhythmic patterns; discrete movements amardination of both in a stable and flexible
way. Due to the properties of this type of coupling amonglzors, the generated trajectories are
smooth, stable and robust to perturbations; and thus jdsailed for trajectory generation in a robot.

This network constitutes the lower level of the proposedhigecture (figL4.l7). It receives from the
upper level the required parameters that specify and mtedidaa simple and straightforward manner
the generated trajectories. Each limb-CPG receives twodet, 1, ¢ and O parameters for the hip
unit-CPG, andy qw, Ox st fik,st @Nd ik s parameters for the knee unit-CPG. For all the unit-CPGs
a common set of parameters is specified. The coupling streamgbng limb-CPGs is specified by
parameters:s, ¢ and y for swing, flap and knee unit-CPGs, respectively. And theupeaters that
specified the desired gait8,and gy, andwgy.

The features of this network will allow for achieving omnigkitional locomotion. All the move-
ments are performed allowing independent control of stepements of the different joints and still
maintaining the intralimb and interlimb coordination.

4.2.2 Regulation level

The regulation level models very basically the brainstemmand centers for initiating, regulating
and stopping the CPGs activity of the generation level. iegponsible for selecting a motor behavior
and for determining and sending the corresponding param&iethe generation level such that the
desired task is achieved.

Bio-inspiration suggests that single tonic signals froqrasgpinal regions should somehow encode
the required activity and/or modulation, providing a maygpfrom the tonic signals to the set of CPG
parameters. Such mapping reduces the dimensionality afdh&ol problem to just one excitatory
signal. For instance, increasing activation of the braimstocomotor center commands leads to an
increase in quadruped locomotion speed, and to a gait sfvdohwalk to trot.
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Figure 4.7: Representation of the generation level andjitsts and outputs. A global set of parameters
for all CPGs:3, wsw, ¢ur,. Each CPG receives a set of parameters, for each of the thitt€RGs. All
other parameters are calculated through a fixed set ofopfdtips and rules.

The behaviors’ parameters are the inputs of the four limG§Rhe control parameters required for
generating movements. As they may be defined relativelydaetivironment, according to the time-
varying sensory information, movements are adapted tortieomment and allow for coordination and
timing as well as behavior selection.

In order to perform omnidirectional locomotion, the robotishbe able to move to any point of
interest, with a given translation speeda turning rateb and walking orientationp,, (fig.4.9).

Gait Transition

In the presented model [131, 184], a given modulatory drigeas, m, models the mechanisms
that underlie gait transitions induced by simple electritanulation of the brain stem, and regulates
the activity of the CPG network. Different values of the @rikead to different walking behaviors,
namely: locomotion initiation, speed change with adjusthad interlimb coordination and consequent
gait transition, similarly to the biological counterpaffd]]. In order to increase the robot stability the
wave gait rule([95] is applied, meaning a gradually shiftriterlimb coordination, from walk to trot.

These behaviors correspond to different specificationeegéet of CPG parametefs, 5, our}: v
parameter for stopping/initiating locomotion; duty factbfor adjusting frequency and gait phasgr,
for adjusting interlimb coordination.

Herein an arbitrary mapping is suggested, from a modulatdwe signalm, to the desired walking
activity. Below a low thresholdin = 0.2, the robot ceases stepping. Above this threshold, the robot
starts with a slow walk (non-singular crawl), gradually rie&sing speed without adjusting the phase
relationships. Aboven = 1, locomotion speed is increased with adjustment of intdrlgnordination.

At m = 2.5, the robot is in trot.
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Initiating/stopping locomotion The v parameter controls whether or not there are oscillatioms ge
erated by the unit-CPG and thus, locomotion generation.
Thus, thev; ; parameters are set according to the modulatory drivegs follows:

-1, m<0.2
Vi = ’ , 4.17
7 { 1, m>02 (4.17)

wherej € {s,f}, and: represents the leg { FL, FR, HL, HR}.
Robot velocity modulation  As the modulatory drive increases in strength, the dutyfagt linearly

decreases from 0.89 (for the crawl gaityte= 0.5 (for the trot gait). The duty factor is mathematically
defined as a piecewise linear function of the modulatoryedriv

0.89 ,m < 0.2
B =4 —0.1667Tm +0.9167 ,0.2<m <25 (4.18)
0.5 ,m > 2.5

This function presents a saturation foér= 0.5 because the robotic platform can not perform faster
gaits.

Interlimb coordination modulation  In this work, between).2 < m < 1, the robot gradually in-
creases its speed from a slow walk, but without adjustingptiese relationships. For@aranging be-
tween 0.89 and 0.76, the robot presents a non-singular gaitwvith a constant gait phaggy, = 0.75.
Forl < m < 2.5, the crawl gait slowly transfers into a trot gait while adjog the phase relation-
ship accordingly. For this purpose the wave gait rule for adyuped is applied [95]oyr, = S. In
the resulting gait, subsequent legs are lifted closely gftevious ones are set down, such that the time
difference between the two events is equal to zero. Henceodulates the gait phases by specifying
the gait phasey, (€q.[4.19) as follows:

0.75 ,m <1
PHL = —0.1667m + 0.9167 ,1 <m < 2.5 (4.19)
0.5 ,m > 2.5

The gait phase remains gy, = 0.5 for values of the modulatory drive greater than 2.5, thatespond
to ag = 0.5. The robot performs then a trot gait.

Omnidirectional locomotion

The proposed omnidirectional implementation is based emtieel modepresented by Hengst et
al. [76], applicable AIBO and other quadruped robots withikir configurations.

The wheel modebasically assumes that each foot performs a step with afiggedirection and
length, and that the overall propulsion of the steps resultse desired robot motion. The feet move on
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a certain locus, creating an analogy of the leg as a smalllwdhescribing a circular movement during a
step in a vertical plane with a specific direction. By codingl the orientation of this plane it is possible
to control the step orientation and therefore the robot mmaré.

For performing a step with a specified orientation and lerigth necessary to combine the feet
movements on the sagittal and frontal plane. If feet movasare only in the robot’s sagittal plane,
the robot moves straight: forward or backward. When feetenmnts are only in the robot’s frontal
plane, it moves sideward: left or right. Movement in any dlii@n is achieved by superimposing the
movements of a foot on these two planes.

On the AIBO robot, it is assumed that the movements on thetabgnd transverse planes are
controlled by the hip-swing and hip-flap joints, respediv€ig.[4.8 shows some possible combinations
of step directions and the resulting robot movement.

Figure 4.8: Some examples of possible robot movements. lt@esmovement is indicated by light
grey arrow. a) Rotation in spot; b) walk forward and turn; @lkvstraight diagonally to the left; and
d) walk straight sideways to the right. Swing and stance @lr®ctions are indicated by curved and
straight arrows near the legs, respectively.

The robot rotates in the spot in (a). All flap joints rotate tbbot to the right, with fore and hind
flaps moving in opposite directions, and the swing jointsntzning the robot in place. The robot
steers right while walking forward in (b). The fore flap jannhake the robot front move to the right,
while the hind flap joints move the robot back to the left. Akktswing joints propel the robot forward.
This superposition of movements steers the robot rightesdlking forward.

When the flap joints make the robot move to the left and the gyaimts propel it forward, the robot
moves straight diagonally to the right (c).

The robot moves to the right in (d), because only the flap $oéme employed to propel the robot.

By independently generating movements for the hip-swirdyfap joints, it is possible to generate
the desired movements in the sagittal and transversalgland thus a step with a certain direction and
velocity.

Velocity of a step can be changed by either adjusting thecetghase duration or the step length.
However, stance phase duration must be the same for alldeddeproper expression of the gait. The
step length is then changed in the sagittal and transvelaadp for each leg, enabling to achieve the
desired step direction and velocity: All the legs perforntegsvith the same duration, but possibly with
different amplitudes: steps with greater length propelrdi®t with greater velocity, and the opposite
for smaller step lengths.
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The wheel models well suited for the proposed CPG network since both thp diection and
length in the sagittal and frontal planes can be controtelgpendently for each leg, while maintaining
the required intralimb and interlimb coordination. Modirlg the CPGs requires finding the correct
movement amplitudes, activations and directions of eaghistthe sagittal and in the transverse plane.

Because it is possible to describe the rotation of any pditihherobot around a certain common
point, where the translation speed is zero, i.e. the insteattus center of rotation (ICR), it is possible to
find the trajectory of any point of the robot when performingtsrotation. For the robot to move around
a certain ICR, each leg should perform a step of proportisizal into a suitable direction, tangential to
the circle with radius: = % around the rotation center (fig. 4.9). When moving forwara=(0) the
ICR is located at infinity.

Figure 4.9: Robot motion fop # 0, v > 0 and ¢,,. The robot walks in a circle path centered on
the instantaneous center of rotation (ICR). The figure atquiatls the steps direction and length for
achieving such walking motion.

From the ICR is possible to ascertain the movement for eachlleese trajectories will not describe
ideal circles having the ICR as common centers, but instpprbaimate straight tangential trajectories.

By applying trigonometry, the amplitudes for hip-swing é)d hip-flap joints (f) are given as
follows, according to the walking velocityy.s), desired angular velocity)j and the desired walking
orientation (,):

(bY; — Uref COS (¢W)

As,i = Aref ; (420)
Uref
- Xz re 51 W
Agy = Ay =2 tret S0 (O] (4.21)
Uref

where(X;,Y;) are the leg coordinates in the robot reference framg,; is an approximate obtained
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velocity when using a reference amplitude,s and the desired duty factgr (encoded inmn). v,ef can
be calculated from the duration of the propulsion phdsg @nd the length of the stepy(),

ls
Uref = 7 (4.22)

The length of the step can be roughly deduced from the lenigtheoleg (i) during the stance
phase and the full amplitude of the locomotor movemedts & (deg)), asls; = 2ljeg Aref-

Ao is an amplitude value set priori, when tuning the parameters for locomotion. Since it is the
value from where the calculated amplitudes will used as nahreference, it must be suitable for the
robotic platform, with the possibility to be increased argrtased without impairing locomotion.

CPG parameters have to be set such that small parametereshanagiulate the generated trajec-
tories. Therefore, for each of these unit-CPGs, a mechanisist determine their parameter values
according to their roles in the final modulation.

As i and Ag ; encode all the information needed to parameterize the C&Giemonstrated next.

Initiating/stopping locomotion To accommodate the calculated behaviors fromntheel modelthe
rules that modulate parameterare expanded. Now;,; ; parameters are set according to the modulatory
drive, m, and also to calculated amplitudds ;, as follows:

1, m<02V |4, <05
Vj,i:{ " [Ajal < (4.23)

1, m>02A |4, >05"

wherej € {s,{}, andi represents the leg {F' L, FR, HL, HR}. An arbitrary dead zone is defined
such that when the amplitude of the movement is negligiblepnit-CPG oscillatory behavior is turned
off.

Amplitude Each unit-CPG amplitude is modulated such that the correlipg controlled foot de-
scribes a step with the correct step length, and thus thecatorelocity. Theu parameter modulates
the amplitude of each hip-swing and flap unit-CPG, accordinthe A ; and A; ; values, as follows

(] = {Sv f})

Wi = Aii. (4.24)

Step direction The signs of4, ; and A ; hold the information on the direction for the step movements
of each unit-CPG.

Limit cycle direction is specified by the value aof Basically, changing the limit cycle direction is
changing whether the step stance phase is the ascending () or descending phase € 1) of thex
trajectory.

When the robot walks forward4; > 0), all the swing unit-CPGs must havg = 1, performing
the stance phase during the descending trajectory of themment. When the robot walks backwards
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(A5 < 0), the opposite happens, and the unit-CPGs have —1, performing the stance phase during
the ascending trajectory.

For the hip-flap joints, another mapping is required. Whelkiwg right (A; > 0) and during the
stance phase, the left joints perform the ascending tajeand the right joints perform the descending
trajectory. The opposite happens when walking Idit € 0).

Table[4.2 shows the assigned values aEcording to this set of rules, depending on the swing and
flap amplitudes.

Table 4.2:. values for the hip-swing (s) and hip-flap (f) unit-CPGs.

ls,FL | s, FR | ls,HL | ls,HR

In the following sections is demonstrated how the proposmdroller achieves omnidirectional
walking, and how it can be used in a navigation application.

4.3 Omnidirectional walking experiments

Several experiments were performed to verify the adequbttyedocomotor CPG network both to
movement generation, velocity change, to achieve omuitiingal locomotion and to verify if the re-
sulting robot motion matches the desired, specified highl smmands, i.e. walking velocity, walking
orientation and angular velocity.

Experiments were performed both on the Webots roboticslabon{219], a simulator based on the
ODE physics engine for 3D rigid body dynamics, and on the A¢BIO ERS-7 robotic platform. Four
experimental results obtained with the real platform agialed.

1. The robot walks forward and steers with a given angulavoitl

2. The robot walks diagonally with a given walking orientati

3. The robot walks sideways.

4. The robot moves diagonally while steering with a givenuaigvelocity.

The AIBO robot is a 18 DOFs robot made by Sony. Unlike its relteounterpart this robot has
three joints per leg, with different configurations of a réaty legs. Besides, the robot body and legs are
rigid with non-compliant servo joints. The joints are stiffithout any elasticity and position controlled
with high feedback gains.

The CPG’s swing frequency is setdg,, = 6.28 rad.s~! in regards with motor limitations, speci-
fying a minimum swing period of 0.5 s for the step. Furtheg tlynamical parameters controlling the
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speed of convergence of unit-CPGs were s%ﬂ% = 0.01 s, in regards to stability during the inte-
gration process and to feasibility of the desired trajeéetorAt each motor and sensorial cycle, dynamic
eqguations are calculated and numerically integrated usiedzuler method with a fixed time step of
8 ms.

Experiments with the robot were carried on a flat environmétit a grid of markers, spaced 20 cm
apart. This grid enables to visually measure the perfornagl, gomparing it with the expected path,
to measure the achieved translational speeds, angularitiedoand walking directions. A proper eval-
uation of performed the walking motions would require a gromotion capture system.

It is not expected precise and exact motions, since the Cpagh is not intended for such a goal.
It is expected that the overall motion of the robot respdutssipecified motion commands, especially
because in this work the CPG based controller is open-lodpd@sregards physical effects and other
disturbances.

4.3.1 Steering

As a first step, it is verified if the steering behavior respecspecified angular velocity. In this
experiment the robot walks forware,, = 0°, with an angular velocity of) = —0.21 rad.s’'. The
modulatory drive is set ten = 2.5, performing a trot gaitd = 0.5, prr, = 0.5), where the diagonal
legs are in-phase and the stance and swing phases have ecat@rds. For the givers, the robot
velocity is approximately,.s ~ 5.7 cm.s~!. The robot is expected to perform a circle with a radius of
rIcR &~ 27 cm.

Fig.[4.10 presents an image composition of the experimens. gossible to verify that the robot
performs a circular path with an approximate radius of 30 @marginal error when compared to the
overall setup dimensions. This error is both due to the glaysffects, error measurements and the
open loop nature of the proposed controller.

Figure[4.11 depicts actual trajectories recorded from divet§ encoders and planned trajectories
x;;. Trajectories were generated as expected. Because theisaieering right, amplitudes for the
right hip-swing joints are smaller than those for the lefi-siving joints.

The knee joints flex and extend at the correct times, reduttiadeg length while on swing and
extending the leg during the stance phase employing thelesiffgxion/extension mechanism (right
panels on fig. 4.11) .

The platform’s weight and the resultant dynamics and foareshe legs influence the performed
joint angles. For instance, fore right knee does not exteritleé planned value. Considering forelegs’
hip-swing joints, during the stance phase, the weight ofrdimt induces a further extension of the
joint.

Highest discrepancies between generated and performecttiges can be seen in flap joints. This
difference is mainly due to the forces exerted over the legstathe fact that flap joints torque limit is
lower than swing joints.

Despite these discrepancies, the main features of the ajeddrajectories are still present on the
performed joint trajectories and the desired robot motias achieved.
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Figure 4.10: Image composition when the robot steers rigieng = —0.21 rad.s ' and¢,, = 0°.
The resulting radius is: 30 cm.

4.3.2 Diagonal walk

In this experiment, the robot ability to walk with a given Wialg direction is verified. The robot
performs a slow walking gait given by, = 0.4, yielding ag = 0.8 andyr;, = 0.75, meaning an
Uref &~ 2.4 cm.s™1. An angular velocityp = 0° and a walking orientatios,, = —45° are specified,
such that the robot is expected to walk diagonally, forwarthe left, with equal forward and lateral
velocities and no angular motion.

Resulting parameters are;; = 1 andvy; = 1,7 € {FL, FR, HL, HR}, such that both hip-swing
and flap joints produce walking movements. Forward motioacisieved by obtaining the oscillators
direction in the hip-swings,; = 1. Right lateral motion is achieved by obtaining the directaf the
hip-flap oscillators tos p;, = ¢r,rr = —1 andes pr = ¢z, = 1. Both swing and flap joints should
perform stepping movements with the same amplitudes, progéhe robot equally forward and left.

Fig.[4.12 depicts the performed path on an image composifibe robot accomplished a forward
displacement of about one grid forward, and two grid squiatesally, achieving a diagonal path of
about—63° .

Fig.[4.13 depicts planned (dashed) and performed (sokggdiories for hip-swing, hip-flap and
knee joints. As expected, swing and flap trajectories hawalegmplitudes. Further, intralimb and
interlimb joints are coordinated as required. Hip-swingd hip-flaps are synchronized because swing
and stance step phases are in phase. Directions in leftrfidrbiad legs are inverted as specified in the
parameters.
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Figure 4.11: Planned trajectories (dashed) and actuabqmeetd movements (solid) for hip-swing, hip-
flap and knee joints, for the steering motion depicted i fil04 All the generated trajectories respect
the coordination constraints imposed by the couplings.

Generated and performed joint movements are much moreasithdn on the steering experiment
because the frequency of movements is lower, and the usei$ gailch more stable, which results in
walking dynamics that exert less force on the joints.

4.3.3 Walking laterally

This experiment is meant to demonstrate the robot capacitsalk laterally with a specified walking
orientationgy, = 90°. The robot performs a slow walking gait accordingrio= 1, yielding ag = 0.75
andyrr, = 0.75, thuSu,es ~ 3.25 cm.s 1.

This requires the hip-swing joints to be at rest; = —1, i € {FL,FR,HL, HR}, while the
hip-flap joints perform the rhythmic locomotor movement; = 1. The robot to moves to the left and
hip-flap joint directions are obtained agr = ¢t ur = 1 ande pr, = ¢ a1, = —1.

Fig.[4.14 shows snapshots of the robot walking lateralljiexing a straight path laterally, covering
two grid squares in about 11 s, reaching a velocitydf.6 m.s .

4.3.4 Steering diagonally

If the robot moves with a certain walking orientation andwaagvelocity, the robot will perform a
circular path while not heading straight forward. i.e. tloel orientation will not be tangential to the
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Figure 4.12: Image composition of four individual snapshehen the robot walks slowlyr( = 0.4)
forward diagonally to the left. It describes the path witk- 0 rad.s ' and¢,, = —63°.

circular path.

In this experiment the robot moves with a trot gait, specibigd = 0.5 andyrr, = 0.5 (m = 2.5),
expecting av..s ~ 5.7 cm.s~'. The walking orientation is set t¢,, = 65° and angular velocity to
é = 0.27rad.s ™. The robot is expected to walk while turning, heading aleuis° to the center of
its circular path with 22 cm radius. The obtained robot patshiown in figl4.1l5. It achieves a circular
path of 2.5 grid squares in diameters, which indicates treperformed radius is close to 25 cm.

Similarly to previous experiments, flap joints have morédifty in following the planned trajecto-
ries. However, the executed movements do present the ésatfithe planned trajectories, even though
the forces exerted on the legs influence greatly the anglégeqgbints (fig[4.16).

Despite the discrepancies between generated and perforajeciories, the robot does perform the
desired path with a heading orientation that approximateglésired one.
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Figure 4.13: Planned trajectories (dashed) and actuadnpeeid movements (solid) for hip-swing, hip-
flap and knee joints for the diagonal walk motion depicted gn[4i.12. The robot generally performs
the planned trajectories.
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Figure 4.14: Snapshots depicting the robot trotting sigewa the right, with an reference velocity
of 3.25cm.s~!. A walking orientation ofg,, = 90° was specified. The accomplished behavior is
a lateral straight path, covering two grid squares in abdus,lachieving an approximate velocity of
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Figure 4.15: Image composition of four snapshots when thetrsteers while heading to the center of
the path, withp = 0.27 rad.s'! and¢,, = —65°. It walks diagonally to the right while steering right,
in a path with a radius ot 25 cm.
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Figure 4.16: Planned trajectories (dashed) and actuabnipeed movements (solid) for hip-swing, hip-
flap and knee joints for the robot steering diagonally motiepicted in fig[4.15. The joints do not
correctly follow the planned trajectories.
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4.3.5 Remarks on omnidirectional walking

These experiments have shown that by specifyinghe walking orientatior,,, and the angular
velocity ¢, the CPG network produces the required leg movements i éodéhe robot perform om-
nidirectional locomotion. Results suggest that the prapedo calculate the movement's amplitudes
and directions of each leg, despite being based on an appaitivelocity value, can successfully be
used to modulate the CPG parameters in terms of the desaesldtional speed, angular velocity and
walking orientation.

As expected, the robot achieves successful omnidiredtiosamotion and exhibits the desired
general features, despite the model free and open-loopagiprof the proposed CPG. However, the
accomplished locomotion showed some inconsistenciesrforpgance, exacerbated by the limitations
of the approach and robotic platform. For instance, torguéd are not considered for the generation
of the trajectories, which were reached in some experimamdgesulted in the robot turning itself off.

The approach also does not produce the optimal trajectimrassatic walking, as in the walking gait,
or for dynamic walking, such as in the trot gait. In many cabessimplified nature of the trajectories
means that robot kinematics and dynamics are not considerdtie maintenance of the static and
dynamic stability. The maintenance of a stable walking isnsic to the parametrization of the CPGs,
in terms of offsets, frequency and amplitudes.

In the walking gait, static stability is not always guaratte resulting sometimes in a foot that
should be in the swinging phase touching the ground, or irgdriestance phase not supporting the
robot. In these cases the approach would benefit on a propkt i@Qion planning and more detailed
trajectory planning based on kinematical specificatiornefrobot. During the trot gait is also observed
similar problems in guaranteeing a proper execution of tee phases and maintaining a dynamically
stable walk.

In the next section, the capabilities of the proposed CPGasgh are explored by addressing
navigation in a cluttered environment.

4.4 Navigation application

If omnidirectional locomotion is expected to be useful irehévioral context, a more complex form
of sensory motor integration is required, for better adaptato the environment. In this section, the
ability of integrating the proposed CPG controller with edbnavigation controller is tested. The robot
is tested in a cluttered environment where it is expecteddolr a target.

Visual information is acquired through a fixed camera modiotethe head of the robot. Target and
obstacles are represented in a simulated world, by greenedntblored, respectively. The location of
the target and obstacles is continuously extracted fromalisegmented information.

Steering is based on a dynamical system that determinesturiy direction angle (steering an-
gle), that enables the robot to circumnavigate obstaclddiad their way to a target, while at all times
the dynamical variable sits in a fixed point attractor. Estes studies about this system can be found
in other works[[21, 183, 192].
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The robot's angular velocity, one of the commands that specify the desired locomotiotheis
output of another dynamical system based on the discrep#rbg robot’s desired and current heading
directions.

The desired tonic drive: is herein given by a very simple dynamical system, which @ssthat in
the case of obstacle presence the robot’s velocity is redaseequired.

The third and last command, the walking orientatigg, ) is kept constant, with the robot always
facing forward.

4.4.1 Heading direction dynamics

The robot’'s heading directiony,, in angular space and in an allocentric coordinate framegiis
trolled by a nonlinear vector field in which task constraittstribute independently. The task of reach-
ing the targetFi., (¢1), attractsey, towards the direction in which the target lies. The task @iidwng
obstaclesF,s(¢n ), repelsey, from the direction in which obstacles are perceived. Thesmbles are
depicted in figlL4.17

v

Figure 4.17: The anglesy, ¢t ando,ps are measured in the allocentric coordinate systamy”).

Integration of these tasks is achieved by adding each of theéhe vector field that governs heading
direction dynamics.

(ﬁh - Fobs(¢h) + Ftar(¢h) + Fstoch- (425)

A stochastic component,,, is added to ensure an escape from unstable states. Foegtraples
and a full discussion see [21,192].
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Target reaching

The following dynamics are formulated for the task of tangetching

Ftar(¢h) - —)\tar sin (Qbh - ¢tar) . (426)

This dynamical system erects an attractive force at thetitred, = ¢..., specifying the position
of an attractor in the heading direction dynamics.

The parametek.. (> 0) controls speed of convergence of the target attractoram#ading direc-
tion dynamics.

Obstacle Avoidance

In order to avoid obstacles and make the robot steer awayusiee-force, f,1s i (¢n), centered
at o1, IS erected for each obstacledetected, and summed up for the overall obstacle avoidance
dynamics.

Fons(én) = Y fobsi(dn)

(¢h *d’obs,i)2

= Z )\obs,i (¢h - Qbobs,i) 67 20} (427)

Parameteis ; controls the repulsive magnitude of each erected repufeioe and decays expo-
nentially with the distance between obstacles and the senso

Parametes; defines the angular range over which each obstacle forcesaterepulsive effect.

Precedence of obstacle avoidance is accomplished malgrgjringth of the obstacles contribution
stronger than the target contribution.

Steering dynamics

The steering dynamics is given by:
wp = —ay, (wh — A¢>) |:1 + (wh — A¢)2 , (4.28)

that formulates a simple attractax( > 0) at A, specifying the robot’s angular rate with the goal to
steer towards the desired heading directidn. = ¢, — ¢., wheregy, is the reference heading as output
from heading dynamicsg, is the robot’s actual heading direction.

The solution from the steering dynamics is assigned asamderto the angular velocity command:

¢ = uwp

4.4.2 \Velocity dynamics

The robot’s gait, and its velocity, is controlled by the drive commandn € [0, 2.5], which is
afterwards mapped onto the required limb-CPG parametées rdbot has to slow down when coming
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close to an obstacle, changing from the trot gait-€ 2.5), used when the path is clear, to a walk, or
even crawl when it approaches an obstacle. The followinguhyoal system governs;:

; 2
m = —am <m - <1 + ema(min(dcyi)mc)>> 9 (4_29)

The fixed point is shifted depending on the current tonicedawnd the distance to obstacles within a

m. range. By settingn, andm,. parameters, the curve responsefoiis specified on the minimum
distance over all the detected obstaclesn((d. ;)). Parametery,, sets the convergence of to the
solution.

4.4.3 Simulations

This section presents the simulation results in Webotsyevtiee autonomous goal-direction loco-
motion is achieved with the presented navigation dynansigsiem.

Simulations in Webots are used to evaluate the architéstaipdity to switch between motor behav-
iors, and are delineated such that the selection betwedretiaviors is triggered according to external
stimuli. The robot walks in an environment towards a visuatquired target. During its path, obsta-
cles may appear and force the robot to adjust its motion ierai@ successfully reach the target. The
navigation system provides for the robot angular velocitg the required translational speed. These
together with the robot walking direction, modulate the #mges of the flap and swing oscillators.
The CPG parameters are modulated accordingly, and the’joilmvements are generated such that the
robot reaches the target, as required.

The built-in camera in the AIBO’s head is used to online detbeth obstacles and the goal. Since
this work is focused on real-time visual control rather tsaane understanding, image processing has
been simplified by working with simple colors for the obsésc{red) and for the goal (green), balls with
known dimensions, and in a structured environment, retgrto the system the object distance and its
angle to the robot. The target is always located higher, thathobstacles do not block its visibility.

Consider the experiment depicted in fig. 4.18, in which whiile robot walks towards the target,
two obstacles block its most direct route. Hig. 4.19 depiuotsdistance to obstacles (top) and the
tonic drive (bottom) ¢y, diar, @and two differentp,, (top) andé (bottom) are shown in fi. 4.20.

Initially, at ¢ = 0s, the robot is stoppedi{ = 0). It faces both the target and two obstacles. The
tonic drive increases towards = 2.5, to reach the nominal trot gait (fig._4]19, left). As the robot
approaches the obstaclek (< 1m), it adjusts the gait in order to slow down and safely steemyaw
(fig.[4.19, middle). The gait is only slightly adjusted, nexeaching the walk gaitf < 1).

The robot walks towards the target, but steers away fromtistacle (snapshot at 12 s). Obstacles
are to the right of the robot (grey dashed and dashed-datted)] so it steers lefg) > 0). However,
while it steers away from the obstacles, it also steers aveay the target (dotted black line) (fig..4120,
left).

After clearing the obstacles, the robot steers back to ttgetta direction (figl.4.20, middle). This
situation can also be visualized at snapshots=atl8, 25s in fig.[4.18.
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Figure 4.18: Six top-view relevant snapshots of the sinatTime increases from left to right, top to
bottom. The robot avoids the two red obstacles, and walkar@svthe green target. Snapshots of the
camera view at those instances are presented at the leftctower of each snapshot.
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Figure 4.19: Distance to obstacles (top) and #t¢onic drive (bottom) for the simulation depicted
in fig.[4.18. Middle panels: As the robot approaches an olestécadapts its gait to slow down the
locomotion. Right panels: When no obstacle is detectedalkswvith its nominal trot gait.
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Figure 4.20: ¢p,, drar, and two differentp.ps (top) and¢ (bottom) variables for several intervals of
time along the simulation depicted in fig. 4.18. Left pandlke robot steers lefti( > 0) to avoid the
obstacles on its right. Middle panels: After clearing thetables, it steers back to the target. Right
panes: When facing the target, it walks straight forward>(0).

In the final moments of the simulation,~ 49s, there are no more obstacles, and the robot walks
with ¢ = 0 (fig.[4.20, right) towards the target. The tonic drive is #ased towards 2.5, performing the
trot gait (fig.[4.19, right). Finally, at =~ 60s, the robot reaches the target.

When the robot steers to the left & 0) the amplitudes of hip-swing on the left side decrease,avhil
on right side increase, and the hip-flaps start to movel (f&fl,4eft). All these coordinated movements
of swing and flap joints steer the robot left.

When steering rightd > 0), the robot increases the left hip-swing amplitudes, witieflap joints
invert their step direction (fig. 4.21, middle).

After facing the target, the robot walks forward. Hip-swimgpvements have the same amplitudes
on both sides, and the hip-flap joints stop their movement4fi{, right).
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Figure 4.21:¢ (top) and trajectories of the hip-swing (middle) and flamisi(bottom) of the fore left
(dotted grey) and hind left (solid grey) legs for severaéméls of time along the simulation depicted
in fig.[4.18. Left swing movements decrease when steerindgdef> 0), and increase when steering

right (¢ < 0). Flap rhythmic movements are performed when steerindy @gposite step directions for
steering left and right.
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4.4.4 Remarks on quadruped navigation

This section demonstrated that the proposed CPG approddireimtecture is able to achieve pur-
poseful, goal-directed locomotion. A simple navigatiosktégs accomplished by applying a local navi-
gation controller based on the dynamical systems approach.

Results from this simplified navigation task shows the gbiif the system to modulate in real-
time the walking motions and to switch between locomotorbélrs, as deemed necessary by external
behavioral context. The division in levels of abstractinriie control problem allows applying a local
navigation controller which only deals with the problem obgucing the high-level commands which
specify the walking velocity and angular rate, and the lewel which continuously modulates the
motion’s amplitudes and the quadruped gait.

The important problem of selecting the best omnidirectionavement is not considered in this
example. For instance, in order to walk diagonally the ratmtld either walk diagonally or instead
rotate in spot and then walk forward in the desired directido fully exploit the capabilities of the
system to produce omnidirectional locomotion, a more cemphechanism for action selection and
navigation would have to be employed.

4.5 Entrainment of pendular effects

This section expands the previous quadruped locomotiotradtam, pursuing and exploring further
contributions in the feedback process, ubiquitous for tshod long-term adaptation of any kind of
legged locomotion.

CPG systems can be designed starting from different conakgpproaches. They can be designed
firstly from the CPG model as a feedforward generator, ang th@n the effect of feedback signals is
included and the loop is closed; endorsing what kind of imfation should be considered and how will
affect the final behavior [64, 174]. Or can be designed froeniginning with the closed-loop goal in
mind, using feedback signals to tightly generate trajéesa29/ 105, 135].

Systems of coupled oscillators are widely used for modeliRgss, and while there exists extensive
work and methods for analyzing these dynamical systemswesk has been carried out on methods
and frameworks for synthesizing oscillators that have tolika specific desired behavior. For instance,
Buchli [31] presents a framework for characterizing andgténg oscillators, as well as defining de-
sired perturbations in order to achieve frequency-lockpltase-locking of any specific output signal
shape.

Step phase feedback plays an important role in locomotibmwiag the adaptation of the onset
of the swing and stance phases [158]. These were exploredyged robots, whether through phase
resetting[[9] or phase transitions depending on load/wlitgaof the legs/[135%, 174]

This section explores a different approach for phase feddbA phase feedback inspired in the
work of Morimoto [88] and Fukuokd [64] is devised, aiming totmin the CPG oscillators with the
phase of the robot’s periodic motions. Here the effects etitidition of feedback on the rhythmogenic
ability of the CPGs is discussed, and is proposed a methggdtoexplore the possibilities of physical
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entrainment with the system.

The proposed feedback couples the CPG system to the pendollimy motion of the projected
Center of Gravity (pCOG). Robot’s sensory information reégeg body angle, joint position and foot
touch sensors are used to calculate pCOG, which moduladsetijuency of the leg oscillator through
the feedback mechanism. The goal of this feedback is to dakeidwinging of a leg before the robot
pCOG is transferred to the opposite support polygon, arsddrachieved by synchronizing the oscilla-
tor's phase with the performed step phase.

The inclusion of feedback is expected to improve robot parémce, herein measured by the Sup-
port Stability Margin (SSM), an adequate measure for acsttfible walk. Besides, the proposed
feedback should not affect the required duty factor andg@halationships of the nominal crawl gait.

Simulations are conducted with the model of an AIBO quadidugpmbot, and the robot’s perfor-
mance is studied, regarding velocity, SSM and the correstution of the step phases. The influence
of integrating this phase feedback along with the couplietyvork of CPGs is also explored.

4.5.1 Revisiting the locomotor system

The general locomotor system presented in se€fidn 4.2 éstalgenerate the complete leg motions
for producing omnidirectional walking behaviors. Howebhere, a simplified version of the controller
is applied, as only forward locomotion is addressed withitisuision of the proposed feedback.

The hip flap unit-CPGs are not employed, and therefore his féap not actuated and kept fixed
throughout all the tests. The knee is controlled using thek flexion/extension mechanism as de-
scribed in section 4.2.1. For simplicity, joint specificatithrough notation has been dropped, as only
the hip swing unit-CPGs are employed.

The goal is to achieve a walk gait, by achieving a 0.75 dutyofaand a 0.75 gait phase. Phase
relationships for the walk gait are presented in tdblé 4de that¢? = —¢:. Coupling strength
constants;; from sectioriL 4.2]/1 is here referredg,.. All the hip swing unit-CPGs are coupled with
the same coupling strength specified by the value,of

Table 4.3: Phase relationships for the walk gait.
i FL | FL | FL | FR | FR | HL
o || FR| HL | HR | HL | HR | HR

o [ — _3m | _ _T T
; m 2 2 i
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4.5.2 Robot phase coupling

The goal of using phase coupling in this CPG approach is tarspmize the phases of the CPG
network to the dynamics’ phase of the robot. The act of wallkirhibits periodic motions, from which
the phase of the robot’s locomotion is extracted (robot ha$he periodic motion of the projected
Center of Gravity (pCOG) is used to calculate the robot'ssphaonsidering the body angle, joint po-
sitions and touch sensors. The proposed coupling triesithsynize the generated swing phase of the
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CPGs with the measured point in the step cycle in which thetrbhs its pCOG over the contralateral
support polygon during the walk gait (fig. 4122).

If this phase coupling is achieved correctly, the swing phafseach leg will be performed when
the pCOG is over the contralateral support side, ensuriagthie weight is not over the swinging leg,
and thus the robot does not fall over it. This feedback meshaty coordinating the swing phases
with the correct support polygon presents the potentiahpkoving the walk, by increasing the stability,
forcing the pCOG to be over the side with most legs suppottisgbody. This improvement on stability
is especially desired when the body COM goes from one sidectother, cases Ato B, and Cto D in
fig.[4.22. Otherwise the normal tendency is to the COM makedhet fall over the swing leg.

Walking direction

Figure 4.22: Depiction of oscillatory movement exhibitegithe projected Center of Gravity during
the walk gait (dashed trajectories). The pCOG (denoted bysthr) moves between the contralateral
triangular support polygons. Open circles denote feetrgtaontact.

To achieve this kind of entrainment between the oscillaémd the robot dynamics, general guide-
lines from [31] are followed. The desired perturbation efffen the oscillator's phase is specified using
its polar representation and transformed back to its dartespresentation.

Coupling mechanism
Consider the oscillator from eq§._(4.1).(4.2) in polar choates:

i = w; (4.30)
7= Q (,u — 7"22) . (4.32)

Consider the movement of pCOG in the frontal plane due to dhetis rolling motion as a simple
oscillatory motion with its phase described $y = arctan 2 (pCOGy, pCOGy). The robot’s phase
(¢r) is coupled with the oscillator's phase;j with a desired phase difference ¢f and coupling
constantk,, as follows:

(éi =wj + k, sin (¢r - (bi - (bir) ) (432)
T = (,u — 7"22) 5. (4.33)
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In cartesian coordinates this phase coupling becomes:

I = o (u — TZQ) (x; — O;) — 2w, (4.34)
Zi:()é(,u—’l“?) zl-—(xi—Oi)wl-, (4.35)
Wi = w; + % [xl- sin ((br + qﬁf") — Z; COS (¢r + ¢i)] . (4.36)

Phase relationships

The desired phase differences are chosen to respect tbhwiftdl observations and assumptions
(fig.[4.23):

a) When the robot leans left with ifsCOG over the left support polygons, its obtaingd= 0, and
the right legs should perform the swing phase, < ¢; < 0;

b) When the robot leans right and th€ OG is on the right sideg, = , the left legs should swing
while the right legs perform the stance phase, < ¢; < 0; and

¢) The CPGs’ oscillators should reflect the phase relatignahd the sequence of the walk gait and
exhibit a relative phase difference Hfamong them.

Table 4.4: Robot phase relationships with the four limb-GPG
| i [FL| FR |HL | HR |

leill 5 [ =[]

Phase relationships are presented in table 4.4, and repedséasually on figl 4.23. Fig. 4.23 is a
general representation of the limit cycles of the four cedgimb-CPGs (blue and red dots), and of the
pCOG oscillation on the frontal plane. It depicts how theggheelationship between the phageand
the four unit-CPGs should be maintained throughout thehrhid¢ motion. It shows which unit-CPGs
should be performing the swing or stance phase, while pCOGmioetween left and right positions.

45.3 Simulations

A series of simulations were performed in a simulated flairenment with the model of Sony
AIBO quadruped robot in Webots.

First the coupling of interlimb coordination and robot phas studied, by changing the values of
the coupling weight#,., k.. A systematic parameter exploration is performed on tharpater tuple
(kosc, kr) inthe rangg0, 9.5], in steps of 0.5. On each run the robot walks with a desiredmalrgait, a
statically stable walk gait{ = 0.75) for 10 s from where all the information on the robot’s penfiance
is recorded. Then the obtained average Support StabilitgiMéSSM) and the achieved velocities are
compared, followed by a discussion of the obtained results.

SSMis the smallest distance of th€ OG to the edge of the polygon defined by the supporting feet
projection onto the plane with the gravitational accelerass its normal. SSM is an indicator that tells
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Figure 4.23: Limit cycle of the pCOG oscillation on the frahplane 6COG,). When the pCOG is
on the left side §COG,, > 0) the robot's phase ig, = 0, and¢, = 7 when is on the right side
pCOG, < 0. Each CPG performs the swing phase when< ¢; < 0.

if the pCOG is inside the support polygon at all times, when considesitagically stable gaits, like a
walking gait. The greater the SSM value, the most centerdteisCOG on the support polygon, and
the most stable is the robot. The placemenp6fOG outside the support polygon is translated as a
negative distance to the closest edge of the support polygon

A set of (kosc, kr) Values are chosen so that it results in the best walk in tefrirade-off between
the average SSM and the achieved velocity, to compare anttifyuthe improvement of the walk
without and with robot phase coupling. The robot's perfanoeis analyzed regarding velocity, SSM
and is used to discuss improvements over the execution ctéipephases.

0 2 4 6 8
Fosc

(a) Velocity achieved on each run. (b) Mean support stability margin (SSM) on each run.

Figure 4.24:k.., k. parameter exploration, and its effects on velocity.s("!) and support stability
margin (SSM). Velocity and SSM are mostly influenced by tHeeaf k.
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Parameter exploration

Interlimb coupling,k.s., and robot phase coupling, influence the walk in different ways. While
interlimb coupling simply coordinates the phase relatiips between the CPGs, robot phase coupling
tries to coordinate the phase of each CPG to the phase ofttbémmwtions.

From fig.[4.24(3) it is possible to observe that the achiev&dcity does not change when the
strength of interlimb coupling,. is increased or decreased. However, when changing theystreh
phase couplingk,, the achieved velocity is influenced, decreasing when tlplow increases. This
is a possible indicator that the oscillators are being athpd respect the current step phase of the
walk, being slowed down to match the robot dynamics. Eor- 4.5 the velocity decreases greatly,
suggesting that beyond this point the influence and stresfdttis phase coupling is no longer adequate
and tries to stop the robot.

Similarly, SSM shows no major variation for a changing itieb coupling strengthk.. (fig.
[4.24(b)). The major determinant of the achieved SSM is ttesetctoupling strengthk,. There is a
range ofk, where the SSM shows higher valufis,3.5]. It suggests that the CPGs are being coordinated
according to the robot dynamics, correcting the executfahe step phases. However, above 3.5 the
SSM decreases to low values, similarly to the velocity.

The velocity achieved without phase coupling Wals34 m.s ! (ko = 1, k, = 0) and the obtained
SSMwas6.14 mm. The highest obtained SSM w&2.97 mm, when usingk.s. = 2.5, k, = 2.5, with
achieved velocity).098 m.s~!. This result can be considered to be a fair trade-off betwieeachieved
SSM and velocity for a walk gait.

Locomotion comparison

With phase couplingis. = 2.5,k = 2.5) it is expected that the left legs’ swing phases are
performed when theCOG is over to the right side of the support polygon. It is possiil verify this
is true in fig[4.2b (right) since the swing phase of both leffd (ascending trajectories) are performed
whenpCOG, < 0. These results show that the proposed phase coupling ynizés the swing step
phase of ipsilateral legs to the respective step phase dafyttle. The nominal step period is 0.8 s,
specified from a swing period of 0.2 s and a duty factor of 0XMhen phase coupling is employed,
the interaction of the CPGs with the robot's phase changeitisi the achieved average step period,
from 0.8 s to 1.2 s, while maintaining the chosen duty facéalapting the swing period to 0.3 s.
This adaptation did not change the relative phases amongRI&s, maintaining the desired interlimb
coordination of the nominal walk gait.

Fig.[4.26 shows the achieved SSM over the two runs. The d¢stdidl) lines show the achieved
SSM without (with) phase coupling. Positive values denbt thepCOG lies inside the support
polygon, while negative values denote a position outsiéestipport polygon, with a distance to the
nearest edge correspondent to the absolute value.

In fig. it is verifiable that the performed SSM increasdemphase coupling is employed.
Negative values of SSM indicate the robot may fall over thingimg leg. The moments of the step
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Figure 4.25:pCOG position in the frontal plane (grey) and left hip joints’ jgratories (dashed:fore
and dotted:hind). Swing phases correspond to the ascepdirg of the trajectories. Without phase
coupling the hind leg (dotted yellow) swing onset happendeathe pCOG is in the ipsilateral side
(left panel), meaningCOG,, > 0. With phase coupling (right panel) the swing phases on lesthelgs
happen when theCOG is in the contralateral sideCOG,, < 0.

wherepCOG falls outside the support polygon (negative values) areided from66% of the step
phase without feedback (dotted),29/% of step phase when feedback is employed (solid). The average
value of SSM also increases due to the maintenance @f@i&G inside the support polygon.
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Figure 4.26: SMM without (dotted) and with (solid) robot glacoupling during a step cycle. The
average SSM is 6.14 mm without phase coupling (dotted gneg)12.97 mm with phase coupling
(solid grey). Using phase coupling, increases the chanbeefffour feet support (solid black).

The walk gait sequences from the two simulations are shovig.id.27. Without phase coupling
(top) thepCOG is generally closer to the edge of the support polygon thah phiase coupling (bot-
tom). pCOG also is in the same side in the onset of some swing phases wizse jgoupling is not
employed, at 9.10 s and 9.50 s, which was solved when phagéingis employed (bottom, at 9.10 s
and 9.60 s). The concerning point of contralateral swingebmss dealt with by the proposed feed-
back mechanism and the result was to achieve brief four éggtast between these contralateral phases
(bottom, at 9.00 s and 9.50 s).

The differences between the nominal generated trajest@rig. = 1, k, = 0, dotted lines) and the
trajectories obtained when applying the phase feedbagk £ 2.5, k. = 2.5, solid lines) are presented
in fig.[4.28. The nominal step period is extended from 0.8 s2aXnd the produced trajectories of the
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9.00 s 9.10 s 9.20 s 9.30 s 9.40 s 9.50 s 9.60 s 9.70 s 9.80 s
O O O
9.00 s 9.10 s 9.20 s 9.30 s 9.40 s 9.50 s 9.60 s 9.70 s 9.80 s

A I A A I R A

Figure 4.27: Performed gait sequence of the walk gait witltmp) and with (bottom) phase coupling.
Black dot is the position of the projected Center of Mass.o@l filled dots represent stance trajectories
and empty dots swing trajectories. (red:left fore, blughtifore, yellow:left hind, green: right hind) In
this figure, the reference frame is centered on the robot.

fore legs present a slight shape change in the stance phase.

3
.

2300/

Time (s)

Figure 4.28: Generated trajectories from a nominal walketit phase feedback (dotted), and adjusted
trajectories by the phase feedback (solid). It is obseevtid extension of the step period from 0.8 s to
1.2 s, and a slight shape change in the stance phase.

Results also show that unwanted touching during the swind, lifting during stance has been
slightly reduced in most cases (fig. 4.29). Front feet taughihe ground incorrectly during the swing
phase decreased from.60% to 11.90% of the swing phase period and froh80% to 0.07% on the
hind feet (fig[ 4.29(a)). The unwanted lifting of the feet meing during stance phase decreased in the
fore legs fron23.40% to 5.09% of the stance period, but increased for the hind legs, 26 to 29%

of the stance period (fi§. 4.29(b)).
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(a) Percentage of time the foot is on the air (black) and wheatiching the ground (white) during
the swing phase.
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(b) Percentage of time the foot is on the ground (black) anenatot on the ground (white) during
the stance phase.

Figure 4.29: Average percentage of time of the swing anccetphases, on which unwanted touching
and lifting occurs, respectively. Touching during swingm@ased on the swing legs frot2.60% to
11.90%, and on the hind legs frorh.30% to 0.07%. Lifting on the stance phase decreased on the fore
legs from23.40% to 5.09%, but increased on the hind fro23% to 29%.

4.5.4 Remarks on entrainment of pendular effects

The feedback mechanism presented in this section invéstigasimple phase coupling mechanism
by exploring the properties of the oscillators used to madelCPGs, introducing a phase coupling
term as given by the periodic motion of the projected COG Hyipothesized that the inclusion of this
coupling term could improve the stability of the walk gaitaavoids the lifting of a foot which should
be executing the stance phase.

Results from the simulations indicate an improvement ofthability on the walk gait, as measured
by the SSM, maintaining the desired general features ofrtngl gait such as duty factor and interlimb
phase relationships. Simulations also demonstrated libahitial aim of the feedback is achieved in
the forelegs, but not in the hindlegs. The inclusion of thagghfeedback reduces the lifting of the fore
feet during stance, but on the other hand increases sligtallifting of the hind feet during stance. It
also marginally reduces unwanted foot contact with the gladuring the swing phase in the fore legs.

The application potential of the feedback seems howevde dimnited. It focuses mainly in the
stability of the walk gait, as measured by the SSM, and itiappdnly on flat terrain. Further work
could also investigate the integration with other kindsesfdback within the same framework, such as
phase transition [174] and postural conttol [200], as welba other legged robots, including robots
with compliant actuators.
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4.6 Standing postural control

Postural stability is one important requirement if the geadchieving autonomous adaptive loco-
motion on irregular terrains. A robot should be able to nainits orientation in respect to gravity,
keep its equilibrium and adapt the body segments to the aggoovement.

This chapter addresses postural control in quiet standggidering it a first step for the design of
a postural controller for locomotion. The CPG system prepds sectio 412 is used to generate basic
rhythmic motor patterns for locomotion, which assumes toatplex movement is generated from the
combination of discrete and rhythmic motions, modeled amdyic systems. The independent nature
of the rhythmic and discrete motor generation of the colgras the property which allows for the
application of the presented approach and which is verydstimg to be explored. While standing, the
rhythmic movements are turned off, and the proposed pdstystem specifies discrete motions for the
hip and knee joints [36, 44].

The system is validated through a few experiments in an AIIRS& robot. The robot is subjected
to different posture perturbations ranging from roll angtipivariations to loss of feet support, reacting
promptly and smoothly in a way to recover postural control.

4.6.1 Postural control

Neurobiological research has brought interesting cosdapt the field of robotics, as the presented
concept CPG that is used in legged robot locomotion. Reseer@re also interested on how body
posture during standing and walking is maintained, a ubbggi and vital motor function, as most
terrestrial, aquatic and flying animals maintain a definexbal orientation in relation to the gravity
force.

Mammal posture maintenance can be distinguished in two snaideontrol [49]. A feedback mode
employs feedback loops to respond to perturbations of w@iem and produces the postural actions to
counteract the perturbations and bring the posture back emailibrium. The other is a feedforward
mode, which entails the anticipatory postural changes viaacke to expected external perturbations or
voluntary destabilizing movements.

The motor responses of the legs are coordinated resultirgfiimal posture task, possibly from
processed and integrated characteristics of the bodyneoéike the Center of Mass, body geometry and
limb axes, or even orientation of the body [124,1129]. Howewaer certain conditions, it seems that
the postural system is divided in fore and hind mechanisorgyalling the stability of the anterior and
posterior parts of the body independently, receiving imfation from the leg’s mechanoreceptars|[48,
49].

The postural system is suggested to be divided in two feddloaps, spreading between spinal
and supraspinal levels (fig._4130). Mechanisms residindnénspinal cord are majorly driven by leg
mechanoreceptors and contribute by generating corraesgonses. These may be activated and mod-
ulated by higher structures, involving supraspinal centkat receive information from both girdles,
and vestibular and visual information, outputting desaamaorrective commands. An interaction of
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fore and hind controllers seems to exist through suprakf@wels, to accurately coordinate the efforts
of the individual legs[[48, 50].

Visual and vestibular
signals

Supraspinal
corrective commands

é Spinal postural Spinal postural h

mechanisms mechanisms Hi
ind

" ~ supraspinal
\\ loop

Fore

load and position

load and position Ae|
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Figure 4.30: Representation of the feedback mode for postantrol. Postural actions counteract
through a two feedback loops. The spinal feedback loopvesénput from leg mechanoreceptors and
activation and modulation from supraspinal regions. Féqaaapted fromi [49].
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The proposed work concerns the feedback mode of posturi@nsytosely based on the concepts
from studies on mammal’s postural system. It shares the ddethe existence of postural mecha-
nisms that respond to perturbations in body orientatiomstiged through different sensory modalities,
closely interacting with the locomotor system and genegathe movements for postural corrections.
Herein is hypothesized that:

e The resulting leg corrective action is the overall outpupafallel responses related to different
sensory information modalities.
e Each response may be directly influenced by:

1. Low level direct sensory signals, e.g. foot ground cdnjamt position
2. Processed regulated variables, e.g. center of mass

Thus, the integration of the parallel responses produeefirthl correct posture, and acts as the integra-
tion of somatosensory signals. Some of the responses timtas® a leg controller have been designed
based on existing reflexes observable in animals (e.g. difipensation), and others in requirements
from a robotics point of view. Also, some responses are déoateld among the four legs, allowing
joined efforts when corrective movements of full amplitifdem one leg are required. Each of these
responses will be detailed in the following sections.

4.6.2 Reuvisiting the CPG model

As presented in sectidn 4.2, a network of four coordinate€R responsible for generating the
basic locomotor motions. All CPGs are composed by three@RiEs, controlling the hip-swing, hip-
flap and knee joints, modeled using the oscillator in €qdl[442). In order to uniquely address the
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standing postural problem, the rhythmic activity is turredfiby settingr < 0. Thus, the generated
solution of the unit-CPGsx follows the input value) for the discrete component.

The proposed postural system outputs joint position irgdhiheeO inputs to the locomotor system,
interconnecting both systems for the three joints of eagh tép-swing, hip-flap and knee. The offset
input O ; for the hip-swing O ; for the hip-flap, and)y ; for the knee. Subscriptspecifies one of the
four legs, fore left, fore right, hind left or hind right.

4.6.3 Postural control system

The postural control system generates movements for gosturection. It enables integration of
sensory feedback such that movements are robustly gedetadeadapted to the environment. Sensory
information is noisy and changes as a result of the generatet movement. The proposed postural
control depends on a variety of sensory modalities throbhghiritegration of several responses, each
based on its own sensory input. This integration of post@sponses provides the system with some
aspects of coordination, competition and redundancy.

Each response individually contributes to the posture efrtibot with respect to its given sensory
inputs. The different responses are then integrated taupeothe final corrective motions.

The AIBO robot has a 3-axis accelerometer built into its haghabling to calculate the sagittal
and lateral tilt of the robot body. Each leg has a touch seimsits foot, an encoder and PWM motor
information for each joint. This work considers that infa@tion regarding the body angle, namely roll
and pitch angles, foot touch information and a value rajginjoint load are all available. The postural
corrective responses and the respective sensory inpupsesented in fig. 4.31.

Roll angle =] Roll compensation

Pitch angle =] Pitch compensation

Encoders, attitude =—»] COM adjustment

Joint torque == Load distribution @E
Foot touch —] Touch control 4x Os,Of,Ok

Encoders =—»| Resting posture

Encoders =—— Anti-collision

Encoders = Joint limits

Figure 4.31: Parallel postural responses and the respesgivsory modality. The overall solution of all
postural responses is output and used as the offset for th€RBEs: hip-swing, hip-flap, and knee.

These responses are set for each leg, some of which workdndeptly within the leg, while others
are coordinated between the other legs. This coordinatiables the assistance when the required
corrective movements assigned to a leg are greater thanlttzarfplitude.
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Responses are designed as equilibrium forcing functiore differential equation, and their com-
bination is simply the sum of their dynamics.

- __ proll pitch COM load touch disperser reset limits
Vie =fi Hha A G A FEE LT LT 5 (4.37)

The solutiony; ; is the corrective movement for joititon legi, and is assigned to the unit-CPG's input
O,,;. Each response has one parameterizable gain, specifygrgpéed of converge to the equilibrium
point. A careful parametrization of these gains allows tiingethe overall role of each response on the
final postural correction, by weighting the responses. Tdrampetrization of these static gains has been
achieved empirically on the present work.

In order to prevent the system’s solution to evolve out avaélble and desirable values, and at the
same time limit the range of action of each joint, two systamit$ were added as repellers.

2 2
(vj,i—Mj ;) (y5,i—Dj,i)

limits — —_—
i =k (g — My 207 it (Y5 — Dja 7, :
ij il (Y5 — M; i)e + Ky (y Dji)e 207 (4.38)

By having f}f;ﬂits (eq. [4.38)) in eq[(4.37), the range of solutions is limitec range betwee; ;
and); ;. Parametek; defines the amplitude andthe width of the repellers.

Roll and pitch balance responses

The objective of these two responses is to adjust the bodipation, opposing to changes in terrain
slope, so that the roll and pitch angles are reduced to a mmimSlope compensation is achieved
through extension and flexion of the legs, changing leggjitei

Figure 4.32: Robot’s pitch angle is adjusted by extendiexiffig the front/rear legs in coordination.

Pitch response uses the information about the robot’s pitgie and adjusts the body in the sagittal
plane, changing the front and hind legs height by manipugtie joint position for the hip-swing and
knee joints. When the robot is inclined backwards, it exsatheé hind legs and flexes the fore legs until
it reaches a leveled position (fig. 4132). Symmetricallyewlthe robot is inclined forwards, it flexes the
hind legs and extends the fore legs.

The following function models the pitch response, for the-siving (j = s) and knee { = k) of
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each leg:

I ﬁmh = Kpitch Di (Ppiteh) 5 (4.39)

where ¢icn IS the actual pitch angle, as measured by the robot's IMUp) is a piecewise linear
function defining a dead-zone in order to deal with sens@epj(¢) also returns a positive or negative
value, as required by the robot’s joint configuration, inasrih the solution result in the correct behavior.
e.g. forgpicen it returns the symmetric value for the fore legs and positrethe hind legs. The static
gainky;;, defines the speed of convergence to equilibrium.

Figure 4.33: Robot's posture in the frontal plane is adidte extending/flexing the right/left legs in
coordination accordingly to the current roll angle.

The same principle is applied to the frontal plane of the toldsing the roll angle information
oron, the roll response changes the leg height on the left and sigles independently. If the robot
is inclined to the left, it should extend the left legs and files right legs (figl_ 4.33). Alternatively, if
inclined to the right it should flex the left legs and extene tight legs.

The roll response also acts in the hip-swing=s) and knee { = k) of each leg, as defined by:

£ = Eronpi (dron) (4.40)

with ¢, as the roll angle measured by the robot’s IMU, d@qg; the speed of convergence. Similarly
for the pitch response, the samg¢) piecewise linear function defines a dead-zone, and returns a
positive or negative value depending on the robot configurafor theg, it returns a negative value
for the left legs and positive value for the right legs.

These two responses address the same joints, with posibhctibehaviors as the resulting output,
e.g. roll response tries to extend one leg while the pitchaese flexes the leg. This is a clear case of
possible coordination or competition between the outplutiems of the different postural responses.

Roll and pitch coordination There are certain situations where the corrective movesneintull
amplitude are not sufficient to reduce the robot’s inclimtiOn these situations, extending and flexing
the legs to their limits does not yield a complete correctbhe pitch and roll angles. The solution
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is a coordination of the previously presented responﬁ@g,and fﬁ;t‘:h, in order to work together on
more difficult postural tasks.

In the situation where no action will produce a postural @agtidue to reaching an extension or
flexion limit of a given leg, the other diagonal legs shoulamie their height, taking the leg to within

a workable range. The strategy is to flex or extend a currgrthkgt has reached its equilibrium state in

) . *(Pi(¢picch)+ﬂi(¢mn))2 . . .
its own pitch and roll responses: 0.01 , and if one of the other diagonal legs still has

not reached the equilibrium state;: (¢pitcn) + pi (Pron) # 0.
The previously presented pitch and roll are then expandeddoljng a member, reflecting this
strategy:

f;gll + fﬁ;mh :kpitchpi (¢pitch) + krollpi ((broll) (441)
2
+ ke (‘pl (¢pitch) + D1 (Dron) ]> e*(m(%icch)wi(%on))

0.01
2

)

wherek is a static gain/ denote the diagonal legs, anthe current leg. By choosing a smaller gain
kc than the gaingitch, kron, this mechanism is ensured to not overtake the role of thod ind roll
responses.

Center of Mass compensation

The center of mass (COM) compensation response is intermdpdsition the robot's COM over
the center of the support polygon, increasing the StatibiBtaMargin (SSM) of the actual robot's
posture. By adjusting the hip-swing (s) and hip-flap (f) §sjrthe body is shifted, displacing the COM
over the support polygon (fig._4.134).

Figure 4.34: The projection of the robot's center of massispldced towards the support polygon’s
center, increasing the static stability margin.

A point attractor brings the hip joints to an equilibrium whthe COM coordinates match the
support polygon’s center. The solution changes the offs#he hip-swing and hip-flap through the
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contributions defined in:

COM - kCOM,s(COMx - wcenter)7 (442)

St

f(,jz'OM = kCOM,f(COMy - ycenter)a (4.43)

whereCOM,, andCOM,, denote the center of mass projection position imtlady axis, respectively,
andzcenter aNdycenter are the position of the support polygon’s centgfon s andkcon s are the static
gains for the hip-swing and hip-flap compensation movements

Load distribution

This response distributes the weight of the body equally dwve four legs. Load information is
estimated from joints by reading the motor PWM values and thsimple averagé is calculated.
Legs which are above this load average are being pushedrhbagethe others, bearing more load due
to the gravitational force in this static setting. Load dlmition is applied to hip-swing (s) and knees
(k) joints, controlling leg height as follows:

}?iad = kload(ﬂ - F), (444)
wherek,,q iS a Static gainF; is the actual value read on the PWMs for feand F is the average force
over the four legs.

Touch control

When the robot's feet lose ground contact, the robot losppati on that point. This response
monitors the touch sensors in the foot and when it detect#seof support, it searches for ground by
extending the leg (fig. 4.85). Leg height is controlled byuating the hip-swing and knee joints.

The response is formulated as:

fiomeh = k(1 — Ty, (4.45)

wherek; is a static gain]; is the footi touch sensor: 0 means that the foot is lifted and a 1 means that
it has ground contact.

Touch coordination Sometimes the ground is too far and a fully stretched legilisnstt able of
regaining support. Therefore a method for coordinatingdheh control response is proposed, enabling
the other legs to lower at the same time that the lifted legredd (fig[4.3b).

This mechanism uses the touch information from the othertlfieet touch sensors, which is used
to act on the hip-swing and knee joints. This mechanism ieddd a term to the touch response:

o = ke (1 — Th)yji + keI —T;) + (1= Te) + (1 = T1)], (4.46)
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Figure 4.35: Foot touch sensors are used to monitor groupposuloss, signaling the touch control
response to extend the leg.

whereT}, Ty, T; are the foot sensors from all the other legs. Simildtty; ; is a static gain that controls
the speed of convergence.

Leg disperser

It has been verified that in certain conditions the fore amd kinees would get very close or even
collide, which caused a few stability problems since it mtmgerobot become unbalanced and some-
times even provoked falls.

In order to avoid this undesired situation, a mechanismapgsed to prevent the knees from touch-
ing. The mechanism implements a leg disperser through ateerespeller, activated once the distance
between the knees reaches a minimum undesired value. Hpienge controls the hip-swings and is
given as follows:

; 1
d

L5 = Kaisperser <1 1+ ek(didmm) ’ (447)
where kqisperser 1S @ Static gaing; is the current distance between knees calculated usingotiet r
kinematics, and,,;, is the minimum value allowed for the distance between knees.

Posture reset

After a certain number of corrective movements the robot losg its own initial posture. To force
the quadruped to return to its initial position a weak atoags implemented. The idea is to have a
contribution weak enough so it does not disturb the othgramses, but if allowed, it will slowly and
surely return to the initial posture.

The response is given by:

2 = ke (ysi — I Psi) (4.48)
S5 = ke (yei — I Prs) (4.49)
St = ke (Y — TPei) » (4.50)

wherek;, is the static gain and has a very low valueP, ;, 1P ; and I P ; are initial positions for
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hip-swing (s), hip-flap (f) and knee (k) joints.

4.6.4 Experimental results

In this section are presented the results from experimeanfenmed on the AIBO ERS-7 to demon-
strate the feasibility of the proposed postural system tdrobthe twelve DOFs for maintaining the
robot’s static stability.

Figure 4.36: Schematic view of the ERS-7 AIBO model depgtime controlled DOFs for the left side.

The robot stands over four independent supportd(fig] 4. 8i®hvwhen operated together can mimic
a stand-alone moveable plane, subjecting the robot to ehemigclination, or can mimic the loss of
foothold.

Figure 4.37: Platform used to perform the various and diffeexperiments. This platform is composed
by four independent moveable supports, where it is posgiblaise or drop each of them.

The postural control system is validated through expertmemhere the robot is subjected to dif-
ferent posture situations ranging from roll and pitch #wias to loss of feet support.
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The parameters used in the experiments are presented efabl

Table 4.5: Parameter values for the postural experiments.
k; 5000 kc 4 K 2
o 0.05 || kcoms | 1 kc 2

kpitch 4 kCOM,f 1 kdisperser 3
kroll 4 Kioaa | 0.5 ky 0.5

Sagittal and frontal inclinations

This experiment intends to verify the robot’s behavior wisagittal and lateral inclinations are
applied. Itis expected that the robot suppresses any atiim to values near zero. It is also expected
that the COM position converges to the center of the suppabygpn.

The four platforms start moving dt = 8 s, performing an inclination-5° in the pitch plane
(lowering the fore part of the body) and3° on the roll angle relatively to the ground (lowering the left
side), during 20 s. At = 29 s the platform started to return to its initial positidit) taking 20 s.

Fromt = 8 s tot = 28 s the robot tries to oppose to the platform inclination (fi@8}, stretching
the fore and left legs and folding the hind right leg doingravard left move. It succeeds on suppressing
it to values|¢| < 1° for the pitch and roll.

At ¢t = 28 s the platform changed its movement, but despite the chaingepbot continued sup-
pressing the platform inclination, slowly folding the stteed legs and stretching the folded one, re-
sulting in an opposite movement. At the end of the platfornvemeent, at = 48 s, the roll and pitch
angles of the robot are ne@i.

Based on these results it is possible to say that the inilimgbals were attained.

On fig.[4.38 is possible to see that at the beginning of therarpat the robot does not have its
COM centered on the support polygon. The first few secondsisad for the robot to position itself
correctly. Att = 8 s the platform starts its movement and throughout the exyet, the COM position
stays very close to the center of the support polygon. The C&idonse (fid. 4.39) normally opposes
to the roll and pitch control, not letting it to do exaggengtimoves in either direction. This competition
resulted in a good performance since it was able to supgredstrain inclination and center the robot’s
weight on the support polygon.

Fig. shows each response for the fore left hip-swingteNleat the roll and pitch balance
response ;3“ + fﬁiitCh, blue solid line) is the dominant one, and the joint limitaddeg coordination
were not activated since both are used at more demandiragisits.

Touch and coordination

The purpose of this experiment is to demonstrate the impi&gdetouch coordination. One of the
four supports is dropped, forcing the foot to lose groundaci Once ground contact is lost, the robot
should stretch that leg in order to regain support. At theestime the other legs help out lowering the
body to solve the problem as quickly as possible.
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Figure 4.38: The first two plots show in degregs;., (1st panel) and,.; (2nd panel) variation of
the platform (dashed) and of the robot (solid). The bottorm $ivow the robot center of mass position
(dashed) and the intersection point (solid) evolution.

Responses

Overall result

Time (s)

Figure 4.39: The top plot shows the response of the differespponses for the fore left hip swing
joint. The dotted line is the COM response, the solid lindesrioll and pitch response, the dash dotted
line represents the leg repeller, the dashed line is the joivits control and the leg coordination is
represented by the light blue dashed line. The bottom plmawsihe sum of all responses.
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Figure 4.40: Fore left (FL), hind right (HR), fore right(FRihd hind left (HL) leg’s touch. Filled area
means that the respective foot is on the ground, otherwigfteid.

At approximately 6 s the support beneath the fore right leg avered (figl 4.40). On fig. 4.41 it
is observable that to compensate the missing support thaifght leg was stretched as expected, since
the swing and knee values of this leg are decreasing (dasdded line and dotted light blue line). In
the same scale but in opposite direction was the fore lefdg\awering the body of the robot to help
the fore right leg. This lack of touch was soon eliminatedwshg a good coordination between the
legs.
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Figure 4.41: Top: Desired (solid line) and real (dashed) ltregectories for Fore Left Swing, desired
(dash dot line) and real (dotted line) trajectories for tloeeFRight Swing. Bottom: Desired (solid
line) and real (dashed line) trajectories for Fore Left Krusired (dash dot line) and real (dotted line)
trajectories for the Fore Right Knee.

Note that despite the noisy sensory information, the swiuéind resultant joint trajectories are
smooth. Further, the joints are able to follow the plannegkttories correctly as expected.
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All responses

The aim of this experiment is to verify the robot behavior wikebjected to disturbances in posture
that elicit the activation of all the postural responseshsas the experimented depicted in fig. 4.42.

Figure 4.42: Video snapshots from an experiment where thetris subject to faster and greater per-
turbations, and where most responses were elicited.

Fig.[4.43 depicts results from this experiment.tAt 7 s the four supports started moving such that
during 15 s an inclination of-6° was produced (lowering the fore part of the body) in the pptane
and —3° (lowering the left side) on the roll angle relatively to theognd. At: = 22 s, the platform
starts returning slowly to the initial positio9), taking 15 s to execute the task. When the platform
reached the initial position (at= 46 s) it started moving again until reaching a pitch angle-6f and
no roll angle. Finally, the platform is set back(®.

Fig.[4.43 shows that the robot suppressed satisfactordyptbvoked pitch and roll angles. The
COM it follows closely the center of the support polygon tighout the experiment.

In fig.[4.44 is possible to observe that any loss of touch wgained as quickly as possible without
compromising the overall posture of the quadruped.

On fig.[4.45 is possible to see each response for the ovehatido Each response has its impor-
tance as almost every single one of them contributed forttagmad result.
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Figure 4.43: The first two plots show,;;.,(1st panel) and,.;(2nd panel) variation of the platform
(dashed) and of the robot (solid). The bottom two show thetrobnter of mass position (dashed) and
the intersection point (solid) evolution.
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Figure 4.44: Fore left (LF), hind right (RH), fore right (R&hd hind left (LH) leg’s touch. Where the
filled area means that the respective foot is on the grouheywise is lifted.
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Contributions

Surn of contributions

Figure 4.45: The top plot shows the response of the diffarespionses. Where the dotted line is the
center of mass response, the solid line is the roll and pashanse, the dash dotted line represents the
leg repeller and with value zero is the joint limits contrabdeg coordination. The bottom plot shows
the sum of all responses.)
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4.6.5 Remarks on standing postural control

The proposed postural system presents an interesting aeessful approach in accomplishing
equilibrium maintenance in a standing postural task. Thetrimteresting aspect of the approach is
how the fusion of several responses based on different gensmalities has been achieved. However,
the system requires manual parametrization of each pbsésponse, and is performed incrementally
and individually.

Experimental results demonstrate that by having paratistyval responses, each defining a postu-
ral action according to a given sensory modality, the findldvéor is achieved as a coordinated effort,
even when the output of postural responses contradict gheln drhese aspects on coordination, re-
dundancy and competition allow the system to tackle seyparstural disturbances, easily generalizing
for different situations.

The major drawback of the proposed approach is that it doesansider dynamic effects. The
proposed postural responses only tackle static condijtidissegarding dynamic effects, such as fast
postural disturbances, or the self-imposed acceleratiansed by postural actions. This drawback is
the major detractor of applying the proposed postural aystethe problem of locomotion.

4.7 Discussion

This chapter presents a contribution which strived to aqiisim a step forward in the control of
guadruped locomotion, with the goal to achieve efficient adaptive, goal-directed locomotion. The
goal of the presented solution is to build onto previous wikg limit cycle oscillators to implement a
CPG based approach. It presents an architecture fundtimrghnized in separate levels of abstraction,
dividing the role of high-level planning of locomotion, arebulation of locomotion and generation of
motor patterns.

The generation level encompasses a flexible organizatidradlau-Stuart oscillators, producing
strictly coordinated motor patterns, yet flexible enouglprtoduce a large range of movements which
allows the quadruped robot to achieve omnidirectional hoation. This level is modulated by the
regulation level, receiving sets of parameters specifyfiregcharacteristics of the motor patterns to be
executed. In this fashion, omnidirectional locomotionpedfied by the planning level through high
level locomation descriptors, such as the walking velgaitgiking orientation and angular velocity.

This approach greatly reduces the dimensionality of thérobproblem. All the motions are coor-
dinated at the generation level, in two fronts: 1) the prap@&cution of a stepping pattern is guaranteed
through a generation of coordinated motions for all the D@Hsin a limb-CPG; 2) the maintenance of
phase relationships among the four legs, through the amatidn of the four limb-CPGs. Furthermore,
the regulation level maps three high-level commands to #éinarpeter values of all the four limb-CPGs,
significantly reducing the parameters which are used to matelthe motor patterns.

A simple goal-oriented locomotion task was used to dematesthe feasibility of the architecture
and ability to continuously modulate the walking motionsieTthree high-level commands are output
from local planning systems, reacting to real-time to Viguecquired sensory information, making the
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robot walk towards a given target while avoiding obstadbgssteering and changing its velocity.

These characteristics and the simplicity of the solutiom @ossible to attain mainly due to the
properties presented by the Landau-Stuart oscillator. é¥ew its simplicity also limits its application
for a high gain position controlled quadruped robot, malgause the oscillator produces sinusoidal
shaped motions and the system does not make use of the rkinatraatical model. This fact limits
the solution to not reach the performance of typical sohgifor quadruped statically stable walking,
and due to the platform characteristics, it is not possiblpursue dynamic walking. Nonetheless, the
robot performs the desired locomotion and the obtainedteesave been quite satisfactory, especially
considering the simplicity of the system.

The proposal of feedback mechanisms tries to address tmsesito some extent, with the aim to
include temporal and spatial adaptation terms onto the CA®sever, it is not clear or yet established
the best procedure on how to pursue the integration andrdesfgedback mechanism. One advantage
on building upon the presented approach is the possibililgtegrating sensory feedback mechanisms
already presented in other works [45,174].

This chapter investigates a method of coupling the CPG rhigtlactivity to the step phase of the
quadruped robot, trying to create a link between the robotadycs and the walking motion of the
locomotor controller. The phase coupling mechanism aelislight improvements of the locomotion
in flat terrain, slightly changing the shape and timing of tleeninal trajectories and correcting some
of the step phases. However, the usability of the proposethamésm is largely dependent on the
parametrization of the CPGs and limited to locomotion intéatains.

Postural stability of a standing quadruped was addresdbdive goal of further expand the solution
for locomotion. The proposed postural system producesemdajectory modulation, achieved through
the inclusion of feedback loops through a set of integrateghanses. The proposed responses are
included in the dynamical system equations and generateethéred joint trajectories that enable a
coordinated and smooth movement towards an equilibriundition. This coordination, competition
and redundancy among the responses are a key element fodapsva, flexible and fault tolerant
postural actions observed from the system.

This solution for postural control relies on postural resges which specify static equilibrium con-
ditions to be achieved, through reactive mechanisms. Tu&e was demonstrated to limit the appli-
cation of the posture system to locomotion.

In the future, postural responses should include dynanfiégctst taking in consideration acceler-
ations and dynamic equilibrium conditions. The behavioresponses should also be augmented to
include predictive action, not only reactive. For instartbe use of optic flow would be a good indica-
tor of future postural conditions, depending on the obskteerain configuration. The hierarchization
of the postural responses depending on the behavioral astdrpbcontext could also be explored,
possible through weight manipulation of the postural resps.

Postural control should also be considered as a high-lermaptex skill, rather than only a com-
bination of reflexes, because it requires estimation of theemnd mechanisms to address dynamic
conditions, and to produce anticipatory postural coroectibased on voluntary movements.
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CHAPTER D

BIPED LOCOMOTION

This chapter presents a CPG approach based on phase osgiltabipedal locomotion where the
designer with littlea priori knowledge is able to incrementally add basic motion priredi reach-
ing bipedal walking and other locomotor behaviors as finalite The proposed CPG aims to be a
model free solution for the generation of bipedal walkingt requiring the use of inverse kinematical
models [[8, 10] and previously defined joint trajectoriesq, 47 3].

The incremental construction of bipedal walking allows asier parametrization and performance
evaluation throughout the design process. Furthermoeeafiproach provides for a developmental
mechanism, which enables progressively building a motpenteire. It would easily benefit from
evolutionary robotics and machine learning to explore &isigect.

The proposed CPG system also offers a good substrate fondhesion of feedback mechanisms
for modulation and adaptation. Other studies have explorechanisms for phase resetting [4,5.,/173],
phase coupling [147], and frequency adaptation [149]aémitrg the walking dynamics with the con-
troller. The current proposal explores phase regulationhaeisms using load sensory information,
observable in vertebrate legged animals [158].

Results from simulations, on HOAP and DARwIn-OP in Webotliveare show the adequacy of
the locomotor system to generate bipedal walk on differebbts. Experiments on a DARwIn-OP
demonstrates how it can accomplish locomotion and how thegsed work can generalize, achieving
several distinct locomotor behaviors.

The last section explores the integration of the propose@ &ftroller within a whole-body control
framework formulated as a Linear Quadratic Program (LQdP)ntestigate how the proposed system
fares in comparison with typically used approaches of ZM&eHdawvalking.

5.1 Bipedal CPG approach

On the proposed locomotion system each CPG produces themaati a single leg, controlling all
the leg’s DOFs by outputting reference angle positions.omtmast with the quadruped CPG solution,

99
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the design of the biped CPG requires a different approactheasimple sinusoidal patterns are not
appropriate for achieving biped walking. The CPG is mod@edhe suggested two layered organi-
zation, having one rhythmic generation layer producingtémeporal reference and one other pattern
generation layer receiving the temporal drive to produeesibatial reference. A group of motion pat-
tern generators, each responsible for a single joint, dverdby a shared rhythmic generator [139]
(fig.5.7).

ZhPitch
ZhRoll

Zknee

ZaPitch

ZaRoll

Figure 5.1: Representation of left and right CPGs. Each GR@rposed by a shared rhythmic genera-
tor and a group of motion pattern generators for the corredipg joints of the leg. Bilateral interaction
between the rhythmic generators is represented by thelglarrow, providing for maintenance of in-
terlimb relationships.

The rhythmic generator is implemented as a phase osciliatgenerate the base rhythm of loco-
motion. The use of a phase oscillator presents appealingefies as straightforward maintenance of
phase relationships and entrainment, which are used texachiterlimb coordination and to serve as a
substrate to feedback pathways, such as the later propbsséd pegulation.

The motion pattern generators receive the rhythmic signdlgenerate joint trajectories through
the sum of motion primitives. Similar to other approaches{192] 149], motion primitives are encoded
as a set of non-linear dynamical equations with well-defiaigctor dynamics, and are smoothly and
easily modulated regarding their amplitudes, frequeneied pattern offsets.

A motion primitive describes a simple motion, meant to be leygd as components for the achieve-
ment of more complex motions. This approach is based on #zetltht certain biped locomotor behav-
iors are achieved by performing complex motions at the kitémievel, and these complex motions are
best tackled when addressed separately. It is a synerggbimach, considering that by weighting or
sequencing the motion primitives, it is possible to moduthe produced complex motions and alternate
between the achieved locomotor behaviors. It also shaeeisi#fa that by weighting or sequencing the
motion primitives, it is possible to modulate these comptetions and alternate between the achieved
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locomotor behaviors.

Motion generation in this approach is flexible in the sens# ithallows for an easy addition and
change of motion primitives, and provides for an easy irign with autonomous mechanisms for
learning, optimization or evolution and exploration ofdogotor behaviors. The expansion of the motor
repertoire can be achieved through tuning of parametemnédions; creating new motion primitives;
empirically, or even evolutionary methods; creation armtganization of feedback pathways and its
effects in motor patterns. Regardless, it is consideretiaba starting point in the life of the robot,
it should have a basic motor repertoire of motion primititleat achieve basic, but capable, walking
behavior. It can also be regarded as a starting point fof fmmacy search methods, which benefit from
the existence of an initial solution, such as POWER [113] ahdl PP [202/212].

The creation of the basic motor repertoire for walking isspréed in the next sections. The motor
repertoire is created manually through a progressive inend of motion primitives, using sinusoidal
and bell-shaped trajectories to describe general motibssraable from biped walking.

Using only sinusoidal and bell-shaped profiles in the desigmotion primitives is a conscious
choice, reasoned on the designer’s lack of knowledge atitiyabidescribe any of the following: i) the
complete joint trajectories for achieving biped locomotid) changes in joint trajectories to achieve
different locomotor behaviors; iii) modular motion primis for achieving detailed biped locomotion.
By using a reduced description through the superpositioandf sinusoidal and bell-shaped motion
primitives it is possible to overcome these limitations.

The proposed approach provides for an easy addition andyehafihnmotion primitives with the
objective of performing a broad, flexible repertoire of lowator behaviors.

5.1.1 Rhythm generator

A rhythm generator is implemented as a coupled phase dscjligiven by eq.[(5]1) from sec-
tion[3.2.

¢i = w + ksin (¢; — do + 1), (5.1)

It outputs a monotonically increasing periodic signal(rad), with ratew (rad.s~'), which specifies
the phase of the current leg The rhythmic output signab; is employed as a time keeping clock,
determining the state of the step. The signal drives thepatenerators, providing for a timely and
coordinated generation of the motor trajectories.

To use the phasg not only in2k7 periodic functions (e.g. sine and cosine), the output imded
in the rangg—m, w]. Each motion primitive is anchored into a specific phaseejalthere each period
corresponds to the final step cycle period.

By having a single central rhythm generator for all the jpiaf a single leg, the coordination be-
tween all motions within that leg is guaranteed. Furtheantite use of a phase oscillator provides for a
simple mechanism for contralateral coordination, accahpt by simple bilateral coupling (ef.(3.11))
between the two legs, maintaining a strictly contralatardi-phase relationship, between left and right
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legs.

5.1.2 Motion pattern generator

Each CPG is composed of six motion pattern generators dhiyethe shared phase oscillator,
addressing all the joints in a leg for the DARwIn-OP and ottadaots with similar kinematical config-
uration. A single motion pattern generator produces ttjedtaries in real-time for each joint within a
leg, and the final produced periodic motion is used as theaede angular position, input to the low
level PID control. The produced periodic trajectory by eaobtion pattern generator is the overall
result from the employment of several motion primitives.

In the proposed implementation, each motion pattern gésrers based on a set of non-linear
dynamical equations, defining the attractor dynamics. tJmsition z; ; is generated according to the
current phase; of the CPG, in eq[(5]2) from sectign 3.2.2.

20 =0(0j; — 2zji) + Z F (2.5 is 5) (5.2)

An offset attracto0; ; specifies the offset attractor, for the final generated rhitipattern. Subscript
defines the motion pattern generator of a single joint fronRRAN-OP’s legs: hip roll (hRoll), hip yaw
(hYaw), hip pitch (hPitch), knee (kPitch), ankle roll (aRand ankle pitch (aPitch); and subscript
defines the left or right leg CPG. A single motion primitivelefined by a functiorf]f-n"“on(zm, o4, @-),
and the final generated trajectory; results from the sum of all motion primitives for that joint.

Sinusoidal profile Sinusoidal motions are useful for recreating symmetricatioms which repeat
a maximum excursion one or more times throughout the stele.cys general sinusoidal profile is
described by:

;notion — —Aj7motion¢5i sin (sz + ¢motion) 3 (53)
with amplitude A .otion @and phase shif,,otion fOr joint 5 in legi.

Bell-shaped profile Bell-shaped motions are more appropriate to describe m®tidnich happen once
in a step cycle, with a defined duration within the step perfodeneral bell-shaped profile is described
as:

(5.4)

J 0’2 20'2

fmotion o Aj,motion(bi (¢z + 'l/}motion) exp (_ ((bz + wmotion)2> 7

whereA,, qtion defines the amplitude andthe width of the bell curve, or the duration of the movement,
and¥motion the phase shift.

Biped locomotion requires the same motions to be producedbdth legs in alternate fashion,
therefore, when a motion primitive is defined, it is used fothblegs. Furthermore, for simplifying
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the design of motion primitives for the ankle joints, and im@ify the general walking behavior, it
is assumed that the feet should be maintained parallel tgriinend during the whole step cycle. To
accomplish parallel movements of the feet, symmetric nmogiomitives from the hip pitch and ankle
pitch are assigned to the joint ankles.

Each motion pattern generator is assigned a set of motionitimés, which can be enabled or
disabled through own parameter manipulation. Modulatibeach motion primitive is dependent on
the final desired locomotor behavior, rendering locomo#igaroblem of modular motor programs.

5.2 Motion primitives

The proposed motion primitives for achieving basic goatctied bipedal walking are herein pre-
sented in such an order, that by sequentially adding them,can easily parameterize to achieve a
correct and stable walking behavior. From own familiarityhithuman walking, observations and kine-
matical descriptions [188], one can put together a set afseoaotion primitives that compose a basic
locomotion, resorting only to sinusoidal and bell-shapegfife trajectories.

A minimum of four motion primitives is required to achieveapable biped locomotion. These four
motion primitives are described next: the balancing motibe flexion motion; the compass motion
and the turning motion. Other motion primitives can be coexsd, either for expanding the locomotor
abilities, e.g. turning motion, pelvis rotation motion,toradd detail to the walk, e.g. yielding motion.

In biped walking typically a duty factor gf = 0.6 is performed, achieving two types of support
during a step cycle: single and double support. During sisgpport the robot propels the body forward
using one leg, while the other swings forward to be placetiéground. At this point both legs support
the robot simultaneously, describing a double support@haansiting from one single support phase
to the contralateral single support phase.

Figure 5.2: 3 motion primitives. A) Balancing motion; B) kien motion; E) Compass motion.
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5.2.1 Balancing motion

The first motion primitive considered is the balancing moffig.[5.2, A), one of the crucial motions
for bipedal walking. As the robot steps alternately, it &isimoments of single foot support, requiring
the displacement of the body over the supporting foot duailstep cycle, unloading the swinging foot
and allowing to execute the swing phase of the step, bydiftifrom the ground and transferring it to a
more forward position. Failing to achieve a correct dispfaent over the supporting foot at the correct
timing for the next swinging foot, will certainly lead to dlfa

The balancing motion addresses the displacement of the bradigferring the body in the frontal
plane from one foot to the other. It acts on the hip roll (hRafd ankle roll (aRoll) joints as a sinusoidal
trajectory that makes the robot oscillate laterally. Thigtion is defined as:

balanci .

fhl;a{jlrll,?ng = _Abalancinggbi sin (gbz) , (55)
balancing balancing

Jaroni = —Joromi > (5.6)

where: specifies the left or right legp; is the phase of left or right CPG, and parametefi.ncing
specifies the amplitude of the lateral displacement motiabling the motion when set to 0.

The phase shift of the balancing motion is 0, which meansihah¢;, = 0 (left CPG) andpg = 7
(right CPG), the balancing motion is at the maximum dispiaeeat, with the weight over the left foot.
Wheng¢r, = m and¢r = 0, the balancing motion is at the maximum displacement oweritht foot.
This phase difference af is enforced by the contralateral coupling.

This choice effectively anchors the middle of the swing ghts be defined ap; = 0, as the
maximum excursion of the balancing motion in either leg.

The motion of the ankle roll joint is symmetrical to the higl joint, enforcing the assumption that
the foot should always be parallel to the ground.

Fig.[5.3(a) shows the final trajectory when applying the heifeg motion withAp,jancing = 11 and
joint offsets configured t&,ron = —1.5 andO,ron = —1.5. Snapshots of the executed balancing mo-
tion during half the step cycle are presented in[fig. 5|3(b3light inward angling of the legs, specified
by offset parameter®; yron, O;.aroll, reduces the required amount of lateral displacement [188]

5.2.2 Flexion motion

Flexion motion is the second essential motion, and is meaathieve vertical clearance for the
feet, effectively marking the swing phase of the step. Adteorrect displacement of the body weight
through the employment of the balancing motion, the swigdaot is unloaded and the flexion motion
changes leg length by actuating on the three pitch join{s: kniee and ankle (fig. 5.2:B). This motion
is described at joint level as having a bell shaped curveltieg in a smooth profile for the trajectory
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(a) Phase (top), hip (middle) and ankle roll (bottom) trageies from the left (solid blue) and right (dashed
green) CPGs.
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(b) Overall movement of the robot during half cycle of theapaiing motion.

Figure 5.3: Balancing motion is applied to the hip roll (hiR@ind ankle roll joints (aRoll), displac-
ing in the frontal plane the weight between the left and riiglett. The balancing motion presented:
Abalancing =11, OhRoll = —1.5, OaRoll = —1.5.
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of flexion. This is given in eq[[(&l7) for hip, ed.(5.8) for lmeand eq.[(5]9) for ankle.

Anin®; i $2
flex _ £hipPiPi
the’itch,i - o2 exp <_ 202_2 (57)
X Akn ¢¢ ¢2
kﬂlgitch,i == :_32 : Zewp _ﬁ (58)
flex flex flex
abitchi = — ( hPitch,i T fkf’itch,i) (5.9)

The amplitude of the flexion motion is specified by parametgy, for the hip andAy,. for the knee.
This motion primitive in the ankle is the sum of the hip and &fiexion motions, imposing a parallel
feet to the ground at all times.

The flexion mation is defined with phase shift of O rad, justhesttalancing motion, centered at
¢; = 0. It specifies the swing phase of the right leg whign= 0 and¢r = 7, and the swing phase of
the left leg whenp;, = 7w andgr = 0.

Through the use of a bell-shaped profile, the joints perfomatiaacting movement only during a
specified time frame, defining the swing phase. In order teesetan overall swing phase of ab@it%
of the step cycle, the width of the flexion motion primitiveositd comprise the range-7, 5|, set by
o=3.

Fig.[5.4 demonstrates the final generated trajectories wpplying the balancing motion to the roll
joints and the flexion motion to all pitch joints, as well as tienerated movement by the robot during
the swing phase of the right leg.

5.2.3 Compass motion

The third essential motion is the compass motion, resptanfilp producing the propulsion of the
body during locomotion. This motion moves the legs in theitsgdgplane, alternately moving the
contralateral legs forward and backward (figl 5.2:E). Itegates the forward steps in coordination with
all the other motions, resulting in forward walking. This tioo is described as sinusoidal profiles at
the hip pitch and ankle pitch joints,

. i T
fﬁ;ﬁg}?’is — —Acompass¢i S (sz + 5) 5 (510)
compass __ compass
Japitehi = ~Jupitch,; » (5.11)

with amplitude Acompass and 3 phase shift.

A phase shift off places the maximum excursion of the motion at the beginnntjyead of each
swing phase. This results in the coordination between #rester of the swing leg, and the propulsion
of the stance leg, with the balancing and flexion motions.

The final trajectories that result when employing the corapastion, along with the balancing and
flexion motions, are presented in fig. 5.5(a).
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(a) Phase (top), hip pitch (2nd from top), knee pitch (3rdrftop) and ankle roll (bottom) trajectories from
the left (solid blue) and right (dashed green) CPGs.

(b) Overall movement when applying the balancing and flexnaion during half the step cycle.

Figure 5.4: Flexion motion is applied to the hip pitch (hR)icknee pitch (kPitch) and ankle pitch
joints (aPitch), shortening the leg to increase foot cleega The flexion motion presented;;, = 15,
Axnee = 30, Oppiten = —25, Oxpiteh = 40 andO,piten = 20.
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(a) Phase (top), hip pitch (2nd from top), knee pitch (3rdrfitop) and ankle roll (bottom) trajectories from
the left (solid blue) and right (dashed green) CPGs.

(b) Overall movement when applying the balancing, flexiod edmpass motions during half the step cycle.

Figure 5.5: Overall movement of the robot resulting fromthaé three motion primitives: balancing,
flexion and compass motions. Compass motion is applied thigh@itch (hPitch) and ankle pitch
joints (aPitch). The compass motion presentéd;,pass = 11, Oppiteh = —25, Okpiten = 40 and
Oapiten = 20.
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5.2.4 Turning motion

After having the robot able to walk forward, it is possibleatthieve turning while walking. During
the single support phase of the step cycle, if the robot $wagtits vertical axis, the placement of the
next stance foot will be pointing on the direction to turn.isTturning can be achieved by employing a
sinusoidal profile on the hip yaw joints of the robot, cooedéd with the previous presented motions
(fig.5.8).

A single sinusoidal motion primitive,

urn T ™
f}EYaw,i = — Aturn @i sin (sz + 5) ) (5.12)

with a phase shift of, acting on the robot’s yaw joints can rotate the body by itsic@l axis during
the leg’s support phase, proportionally to the modulategdlgnde A;..». Having the same phase shift
as the compass motion, effectively synchronizes the tgrmintion with the compass motion.

5.2.5 Kbnee yielding motion

A characteristic of legged locomotion is the yield that ascim the knee joint when the leg starts
the stance phase and the body weight is passed onto it. Asomeditby Saunders [188] as the third
determinant of walking, this flexion happens when the ceoftenass (COM) is passing its peak. Al-
though shown to be more energy costly to maintain a flat CONhdunuman walking[[11/7], it may
be beneficial in the used robotic platform to apply a smalliflexon the knee joint during the stance
phase, so the vertical trajectory of the COM of the walkinigatas flattened.

This motion is added to the knee and ankle joints and is destitby a sinusoidal profile of ampli-
tude Ay;eq With 7 phase shift making the flexion occurring at middle of starfuase:

fis s = Ayieladisin (¢; + ) (5.13)

e = —2Ayiclady sin (¢; + ) (5.14)
ield ield

fapiteni = ~JiiPiteh,i (5.15)

5.2.6 Pelvis rotation motion

In level human walking the pelvis rotates alternately. $ius et al. mention it as the first determi-
nant of walking [[188], flattening the vertical COM trajectpas well as smoothing the inflections when
changing the vertical direction of the COM.

Whether or not this motion will reduce vertical displacemehthe COM, or will contribute to
improve performance and stability, it has the ability ofrgasing the step length by twisting the body,
placing the swinging foot further in front. This pelvic rétan is performed at the hip yaw joints,
described as a sinusoidal trajectory

. - T
f}ﬁ%{t;vfflgn = _Arotationﬁbz' S (sz + 5) s (5.16)
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(a) Phase (top), hip pitch (middle) and hip yaw (bottom)etcggries from the left (solid blue) and right
(dashed green) CPGs.

(b) Resulting robot movement when applying the balancirxidh and turning motions.

Figure 5.6: Overall movement of the robot resulting fromttiree motion primitives: balancing, flexion
and turning motions. The turning presentel;;ning = —5 andOyyayw = 0. In pane[ (&) is observable
in the generated trajectories the coordination betweejoihis. During the swing phase, here identified
by the hip pitch flexion, the hip yaw rotates the robot in theigal axis.
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with amplitude A, otation and 3 phase shift.

A phase shift of; anchors the maximum excursion of the rotation motion at gggrining and end
of each swing phase, so the rotation motion happens only wheneg is on the ground, coordinated
with the compass motion.

5.2.7 Motion summary

For the realization of goal-directed bipedal locomotiorflat terrain, only four motion primitives
are strictly required: balancing motion, flexion motionjmgmass motion and turning motion. These
four motion primitives can be considered the basic motoergire for bipedal locomotion, upon other
motion primitives could be added. Other added motion piest could be used to add new features to
the walk or fine tune the performance, and toggling motiomftives can be used to alternate between
locomotor behaviors.

A summary of the proposed CPG and motions primitives is [pitese

b =w+ ksin(¢; — ¢o + ), (5.17)
ShRolli = —(ZhRolli — OnRoll) + fraancine, (5.18)
ZaRolli = —(ZaRoll;i — OaRoll) + f, ;ﬁlﬁ?dngv (5.19)
hyaw,i = —0(ZhYaw,i — Onvaw) + fLSm® + fi¥m., (5.20)

Ahpitehi = —a(2hpitchi — Onpiteh) + fisken + /i ﬁﬁﬁh + fopiten s (5.21)
Apiteni = —(2kpiteh.i — OxPiteh) + fiken + f, lfll?ih, (5.22)
Zapiteni = —0(Zapitehi — Oapiten) + fofien + Fliston + femme. (5.23)

A correct tuning of parameters is necessary for achievipgdal walking in the robot. This
parametrization is performed by sequentially and incraaigntuning and adding each motion primi-
tive in sequence by trial-and-error, as detailed in the segtion.

5.2.8 Other locomotor behaviors

The proposed system allows the achievement of other loammbathaviors in a scalable manner
through the manipulation of motion primitives. The methoddddressing other locomotor behaviors
and gait modulation in the proposed framework is to: 1) perfparameter modulation of already
defined motion primitives; 2) toggling between primitivasdefining new ones to fulfill the required
locomotor ability.

Parameter modulation With parameter modulation, quantitative changes are iegasthe already
established motions, which is quite useful for achievingn@ath continuous locomotor diversity. For
instance, smooth variation of forward velocity can be agieby adjusting the amplitude of the com-
pass motion. The modulation of the same parameter, the tahplof the compass motion, if set to a
negative value will result in backwards walking.
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Primitive selection Providing new locomotor abilities for the robot can be a eratif adding new
motion primitives and toggling between the available sehofion primitives, selecting the appropriate
ones to achieve the desired locomotor task. For instanbé\dieg goal directed walking is a matter of
activating the correct primitives, toggling the activitiytbe turning motion.

In order to achieve other more complex behaviors, one ceslort to mechanisms of developmental
robotics, such as evolutionary or learning algorithms.

5.3 Bipedal walking demonstrations

In this section the adequacy of the system to produce walk@ttpviors for different robots in
simulation is demonstrated, as well as the deployment oalaabot.

Initially is demonstrated the proceedings on how to tunenttodion primitive’s parameters, and
how to sequentially pursue a basic walk. Then the results fitee walking robot are presented, ac-
complishing several locomotor behaviors, such as walkimgdrds and backwards, and turning. After,
a comparison of CPG walking and ZMP walking in simulation iegented, and results compared in
matters of performance and stability.

The robot used in the demonstrations is the DARwINn-OP by RODB(J73], a small open-platform
humanoid with 20 DOFs, using digital position controlledves, measuring 45.5 cm and weighting
2.9 kg. Itincludes a built-in computer equipped with 1.6 Qhtel Atom 2530 (32 bit), 1GB RAM and
on-board 4GB flash SSD. The robot’s body is equipped with gi8@yro, a 3-axis accelerometer and
each foot is equipped with four force sensing resistors (jF&ributed through the four corners. The
DARwINn-OP humanoid presents a common configuration for tBd-0o other humanoid robots.

A simulated model of the robot is used in the Webots, using @bB¥sics simulator, to perform
preliminary tests and validations before transferringghieition to the real robot.

5.3.1 Motion primitive parametrization

A few simple steps are taken to find adequate amplitude paeasnéor the motion primitives,
following a sequential procedure by trial-and-error in arsimumber of tries.

The robot starts upright, stopped on its feet, with all mopoimitives disabled (amplitudes zeroed).
First, joint offsets are chosen to find a correct posturetferrobot. Usually for this type of biped robots,
legs are maintained flexed, in a posture that allows for festgment at the onset of swing and onset
of stance, without reaching singularities. Offsets fortig knee and ankle pitch joints are assigned in
a fashion to achieve this posture and a pre-determined megHe Tablé 5.1 presents the chosen offsets
that specify the general posture of the robot. Legs are ipgiritward in the frontal plane by setting
symmetrical offset values for the hip and ankle roll joinddfsets for the hip, knee and ankle joints are
assigned to achieve a flexed leg posture, with a slight fatwady tilt.

After achieving an acceptable body posture, the balancintjom is parameterized by choosing
an adequate amplitude that results in a movement trangjetiie COM over the two feet alternately.
Having the correct alternate displacement of the COM, tepphg movements can be executed by
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Table 5.1: Joint's offsets to maintain upright posture.

Offset | (°)
OhYaw 0
Owronl | 1.5
Onpiteh | -25
Oxpiten | 40
OaPitch 20
Oaronl | -1.5

choosing the amplitudes for the flexing motion primitivesw\the forward progression resulting from
the walk depends only on the step length, which is dependetiteocompass motion amplitude.

Parametrization of the motion primitives is not criticabrmecessarily detailed. Due to the nature
of the synergistic approach, the influences to the final dtaig from the preceding parameterized
motion primitives are not clear. The used motion primitige coarse kinematic descriptors, and
especially when combined, the final achieved kinematic amaiwhic behavior is difficult to anticipate.
It is therefore difficult to pursue more detailed locomotimd a better performance. Following the
described steps ensures that the resulting movements ffi@overall motion primitives will produce a
successful walk.

Balancing motion parameters

The role of this motion is to displace the COM away from thergyioot. Finding a suitable
amplitude value for the balancing is a matter of increashmgamplitude until the displacement of the
body weight is directly above the support feet, which canibaal inspected and further tuned by the
readings from the COP measured at the robot’s feet.

Fig.[5.7 shows the trajectories produced for the hip andeartdl joints, and the resulting ground
reaction force on each foot. For different amplitudes ofbaing, different degrees of displacement
are achieved. The greater tHg,j.cing Value the greater the displacement and the weight trareser,
shown in fig[5.7(d) forApaiancing = 11 and fig[5.7(H) forApaiancing = 14. At maximum excursion
it is possible to observe a greater weight release from ooetéothe other. WithAy,jancing = 11
the maximum supported weight in the stance leg is 23.4 N arttidrswing leg is 6.7 N, and for
Apalancing = 14iS 26.7 N in the stance leg and 3.6 N in the swing leg.

This effect is better observed from the COP readings in_fi§}. $howing the COP is transferred to
the center of the foot wheHAyajancing = 14, While whenAy,,jancing = 11 the COP does not reach the
center of the foot. Also, if balancing amplitude is too largee weight will be displaced beyond the
foot’s outer edge and the COP will leave a valid support regio
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Figure 5.7: Trajectories generated (solid blue), perfarjpat position (dashed green) and the resulting
ground reaction forces (GRF) for the left and right legs. Bagancing motion withAy.iancing = 14
achieves a greater release of the weight at the maximumszour
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Figure 5.8: Progression of the COP during the balancinganofRed rectangle represents the left foot,
and the green rectangle the right foot as seen from the topbalancing motion witty,,jancing = 14
achieves a closer displacement of the COP to the center ¢é¢he



115 CHAPTER 5. BIPED LOCOMOTION

Flexion motion parameters

The shortening of the leg, preparing for the execution ofthilng phase, is achieved by the flexion
motion primitive. Fig[ 5.4(B) shows the resulting movemefithe robot when the balancing and flexion
motion primitives are employed. The robot displaces thayiedver the supporting foot, allowing for
flexion of the contralateral leg.

The generated trajectories from the application of thisidlexnotion are presented in fig. 5.9, as
well as the resulting foot vertical clearance achieved byrthot’s feet. This achieved vertical clearance
can be controlled by the amplitudes used in the motiaR, and Ay,... In this example amplitudes are
settoApi, = 15 and Ay, = 30. From the force sensor readings in the feet it is possibl@tzlade
that the weight is successfully supported alternatelyt¢otn fig.[5.9).
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Figure 5.9: Trajectories generated (solid blue), perfatrjoint position (dashed green), the resulting
foot height and ground reaction forces (GRF) for the left aigtit legs. The flexion motion with
Apip = 15, Aimee = 30 achieves a ground clearance around 1.5 cm.
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Compass motion parameters

The final motion required for a complete walk is the compassiano The robot is already able
to step in place, missing only the propulsive action to w&kmpass motion achieves this propulsive
action, parameterized in amplitude By,mpass, Which directly influences the step length. The greater
the amplitude, the greater the step length and thereforadheved velocity. This motion accepts a
range of values for the amplitude, starting from deactrably settingA ompass = 0, to a upper limit
value that the robot no longer can perform the walk witholiinig In the current configuration using
the previously defined offsets and motion’s amplitudeslé&b.1 and 512), the upper limit was found
to be Acompass = 13.7 when applying the previously chosen parameters.

Table 5.2: Motion’s amplitudes.

Amplitude °)

Abalancing 11
Apip 15
Aknee 30

Acompass [0, 137]
‘ wrad.s™) ‘ 4.9087 ‘

The different step lengths performed by the robot when udiffigrent values are evident in fig. 5]10.
When walking withA,mpass = 6 the robot achieves a step length of 3.26 cm, and when walkitig w
Acompass = 11 achieves a step length of 6.0 cm.

An almost linear relationship between the compass motioplitnmde and the achieved walking
velocity was found on the current configuration, as showngr3ill. The robot was made to walk
forward with differentAcompass Values, with increments of 0.1 for each eight steps, and ¢hecity
achieved at each step was recorded. [Fig. 5.]11(a) presentsetan achieved velocity for all steps for
a given Acompass Value, and fig[ 5.11(b) presents the performed step lengttihd bottom panels is
possible to take a closer look at the mean values and theasthi@viation at the higher values of
Acompass- AS the robot approaches the upper limitdf,mpass, the measured velocity and step length
present a greater variation, evidencing an increase iabily, just before falling ford compass > 13.7.

Turning motion parameters

The robot would be able to navigate its environment if a ciler changed the motion primitives’
parameters. It was shown that the forward walking velocity & relationship with the compass motion
amplitude. Here it is evidenced that the turning velocitythaf robot also has a relationship with the
turning motion amplitude.

A set of simulations are performed, where the robot walk$ wie offsets from tal). 5.1, the am-
plitudes from tabl 5]2 wittdcompass = 8, and a set ofd,,, values: {0,1,2,3,4,5,6,7}. Fig.[5.12
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Figure 5.10: Feet placements when walking with two distwvadues, left foot is red and right foot
green, as seen from above. The trajectory of the COM (bla&} throughout the walk. The achieved
step lengths are influenced BY.ompass Value. Walking withA.,mpass = 6 it achieves a step length of
3.26 cm, and achieves a step length of 6.0 cm when uipgpass = 11.
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Figure 5.11: In the presented posture and parametrizati@nachieved velocity and the performed
step length can be approximated by a linear relationship Wit.ss. The velocity is calculated for
each performed step, and the mean is presented. In the bp#oets is observable the deviation from
a linear relationship as the value 8f,.,.ss reaches the upper limit. Evidence of the robot reaching
instability.
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illustrate the paths taken by the robot using these eightiarde values. It demonstrates that there is
a relationship betweed,,, and the achieved angular velocity, and that there is an Uppieifor the
At In the right panels is observable the increase in instghithen changing from,, = 6 to
Awurn = 7, Suggesting either that the chosen motion primitives atedequate for performing tighter
curves, or the value ofl;,., is not adequate for the current CPG configuration, i.e. tlseh offsets

and other motion primitives.
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Figure 5.12: Top-down view of world and the paths (black)liperformed by the robot while walking
with the previously defined configuration, using 8 values Agy,,,, {0,1,2,3,4,5,6,7} (left panel),
and isolated views foA ., = 6 (top right) andA,.., = 7 (bottom right). The green line represents the
path of the COM. The bottom right panel shows that the comitinaf Acompass = 8 and Agyen = 7

is on the limit of stability.

The mean angular velocities for twenty steps are presentdig.i5.13, along with the standard
deviation between steps. Fdk,., > 6 there is an increase on the variance of the achieved angular

velocity at each step, caused by a decrease in walkingisabil

In these demonstrations was shown that by controlling theom@rimitive’s parameters, certain
characteristics of biped walking can be controlled. The mitage of lateral displacement of the body
is controlled by theAp,jancing Parameter, which in turn influences the displacement of @
the frontal plane. Foot clearance during the swing phaserdipon the leg flexion, which is mainly
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Figure 5.13: Achieved angular velocity when applying dif& A.,,.,. The applicable range values
for Aquen is highly dependent on the chosen offsets, on the employatbmprimitives and on the

chosen motion’s parameters. In the presented tests, agplyi,., > 6 exhibits a greater variation in
the achieved angular velocity at each step, and also areiseia instability.

generated by the flexion motion, parameterized4py, and Ax,... The compass motion parameter,
Acompass influences directly the performed step length while walkiag well as walking direction
accordingly tosign (Acompass)- The angular velocity of the robot is directly controlled Hy,,, from
the turning motion.

5.3.2 Forward walking

As in simulations, the real DARwIN-OP robot walks succelygfn flat terrain after a short parametriza-
tion of motions. Parameters for forward walking are preseiin tab[5.B.

Table 5.3: Parameters for the real DARwIn-OP

Amplitude (°) Offset | (°)
Abalancing 10 OhYaW 0
Anip 20 || Ouron 1
Aknee 40 Onpiteh | -30
Ayield 2 Okpiten | 40
Arotation 10 OaRoll -1
Acompass 9 OaPitch 20

‘ w(rad.s™!) ‘ 5.236H k ‘ 1 ‘

Fig.[5.14 depicts the forward walking behavior of the robobtigh snapshots from the video record-

Recorded joint trajectories and resulting ground reacf@nes are presented in fig. 5115. The
robot walks forward successfully. However it should be ddteat despite the strict symmetry in the

LAvailable atht t p: / / asbg. dei . umi nho. pt / user/ 1.
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Figure 5.14: Snapshots of video recording of the DARwIn-OIbot walking forward.

generation of walking motions, the resulting walking bebeais not entirely symmetric, as seen from
the foot force readings, and the performed joint trajeeto(green).

The resultant foot force profiles are dissimilar betweenléfieand right leg. Despite the striking
on the ground with the outside first, the weight distributismifferent throughout the step cycle, and
presents different duty factors, 0.8 for the left leg an®dof the right leg.

Joint trajectories are generally tracked by the servo’slkwel PD controllers with a slight delay.
However, in thehPitch joint at the foot strike instant it is observed the highestiatéon from the
reference trajectory.

5.3.3 Turning

Achieving turning is just a matter of modulating the ampmliéLof the turning motion, independently
of what other motions the robot is performing. If the robastispping in place, the robot turns in place.
If it is walking forward, the robot turns while walking, periming a circular path. Fid. 5.16 presents
snapshots from the robot walking and steeringleft

The performed trajectories are alike the trajectories dowérd walking, excepting the trajectories
produced for théYaw joints, due to the employed turning motion primitive4f,,., = 5. The resulting
ground reaction forces are also similar to the ones recaldedg forward walking (figi.5.17).

5.3.4 Ball following

A simple ball following scenario was devised to demonstthteability of the system to produce
goal-directed walking through simple parameter modutatiby. [5.I8}. This scenario serves only
as a demonstration of the accomplishment of locomotor betsvand does not strive for an accurate
tracking or a robust solution. The robot detects a colordidubing its built-in head camera, maintaining
its gaze directed at the ball, using a simple PID control [emkeep the detected ball in the center of
the image. Goal-oriented walking is then controlled thtodlge gaze of the robot, through simple
parameter modulation:

o Acompass 1S kept proportional to the vertical angle of the head, auitig the forward velocity of
the robot. If the gaze at horizon level ompass = 12, if its located down at the feet compass =
0.
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Figure 5.15: Reference trajectories for forward walkingatput from the proposed CPG (dashed blue)

and the performed joint motions (solid green). Ground ieadbrces as read from foot force sensors.
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Figure 5.16: DARwIn-OP steering left. Walking behavior defi by parameters in table 5.3 and
Aturn = 5.

e Ay is modulated in proportion to the lateral gaze, controllinghing velocity. If the robot
looks 7 to the left or to the rightA¢y, = [—15,15].

In fig. are depicted the joint motions during three timterivals, where is possible to observe
the role of the modulation of the motion primitives. The thedist time interval is depicted in snapshots
1 and 2 (fig[(5.18), when the robot walks right almost i90& turn. It is observable in theYaw joint
that the turning motion has increased its amplitude,(,) to perform the turn. A slight turn to the
left happens depicted in snapshots 3 and 4, resulting in posite amplitude ofd,,,, as presented
in hYaw trajectory, in the middle time interval. The rightmost tinnéerval is depicted in snapshot 7,
where the robot is close to the ball and therefore it redusesalking velocity by reducingcompass
close to zero. The influence of the compass motion primitivehé whole trajectory is observable on
thehPitch andaPitch joints.

5.3.5 Comparison with ZMP walking

From an engineering perspective it makes sense to diremtpare different solutions which aim to
solve the same problem in the same application platform,rasans to choose the most cost effective
and the best performer. In the case of robot biped locomgotlom typical approach is to employ a
ZMP based method for the generation of walking motions. B and CPG solutions aim to solve
the problem of generating the reference joint trajectaieschieve biped locomotion, applicable to the
generation of a stable walk for a high-gain position coifecbbiped robot, allowing a direct comparison
in terms of performance and cost of implementation. Bothtgmis produce the position for the joint
space vector in real-time, open-loop implementationsh wite only difference being how these two
implementations reach the value for the joint space vedtamgasen time.

The ZMP is a popular and widely used method in humanoid robdtir the design of walking
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Figure 5.17: Reference trajectories for walking left (dahlue) and the performed joint motions (solid
green). Ground reaction forces as read from foot force senBtue: front left; red: front right; yellow:

back left; cyan: back right.
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Figure 5.18: Snapshots from ball following scenario. Thieotls gaze towards the ball directs the
walking, through simple parameter modulation.



125 CHAPTER 5. BIPED LOCOMOTION

Left Right Left Right Left Right

=10, ) 10773 ) 10 3
VKLY '\f\/\/ o J N J IR W\f\ﬂ
=i-10 /] '1-10 { -10 J

44 46 48 44 46 48 50 52 54 50 52 54 58 60 62 58 60 62
2 108 2 ) . 10[ 73 ) 5 10 (4 » 2 [ b
=R ARV AR A/ \v o/ "\ VW i/ \. A or * : WAV AY
=l-10 e b : -10 L ™ 1-10

44 46 48 44 46 48 50 52 54 50 52 54 58 60 62 58 60 62
€ 20 T o] 1 —20 -20
&' -40 Y Yy ¥V ¥ 4§ 40 3 -40 )

44 46 48 44 46 48 50 52 54 50 52 54 58 60 62 58 60 62
S 60 60 60 7
E 40 e A o M;A'fj 40 S 5 M{Aﬁ 40 ﬁw AIA/'A”J

44 46 48 44 46 48 50 52 54 50 52 54 58 60 62 58 60 62
=, 30 30 30
= ’ DAEAW, P e 7
=10 * 10 10

44 46 48 44 46 48 50 52 54 50 52 54 58 60 62 58 60 62
Eo10f 2 10 10
= 0 M 0 Mf"" O SREREE Q P M
=1 -10 -10 -10

44 46 48 44 46 48 50 52 54 50 52 54 58 60 62 58 60 62
E 20 20 20
5,10 10 10

0 0 0

44 46 48 44 46 48 50 52 54 50 52 54 58 60 62 58 60 62

Time (s) Time (s) Time (s)
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generators, with many contributions that furthered itslgtand resulted in subsequent improved loco-
motion abilities [226], such as omnidirectional walkingglting on ramps, climbing stairs and obstacle
negotiation.

In this comparison the implemented walking generator igtham ZMP method and on the work
for a NAO robot [70]. This walking generator relies on 1) dedibody motion, 2) a stepping planner,
3) ZMP criterion, 4) inverse kinematical model. Given a desitranslational and rotational velocity
for the body, a planner computes the foot placement befark s@p, which will achieve the desired
motion. The motion of the body is adjusted to satisfy the ZMon on the planned foot placements,
using a dynamical representation of a biped simplified modgleé final step is the computation of the
joint positions, using the inverse kinematic model of thigatpto perform the footsteps and the correct
ZMP body motion.

For the comparison, the tests were performed in the Webhotdaior and the same assumptions are
made in regards to the two solutions: the ground is flat, thetravalks unperturbed and both solutions
achieve very similar locomotion characteristics:

e Step period, 1.28 s

Duty factor,~ 0.6

Sagittal step sizey 0.057 m

Lateral foot placementy 0.032 m
Walk velocity,~ 0.085 m.s~!

Body height and posture, 0.29 m arfdforward pitch

To achieve these similar characteristics for both solstidhe CPG approach was first parameterized
to achieve the upper limit in walk velocity. The footsteprpiar used in the ZMP solution was param-

eterized in order to exhibit the same achieved locomoticaradteristics as the CPG approach. The
parameters used in the CPGs are presented in[fable 5.4.

Table 5.4: Parameters for straight walking.

Amplitude (°) Offset | (°)
Abalancing 14 OhYaw 0
Ahip 15 OhRoll 15
Aknee 30 OhPitch -25
Ayield 0 Oxpiten | 40
Arotation 0 OaRoll -1.5
Acompass 11 OaPitch 20

‘ w(rad.s™1) ‘ 4.9087H k ‘ 1 ‘

Visually inspecting both solutions yields the conclusitiattboth walks are successful, and the
achieved walking characteristics are very similar, only @erdetailed analysis can shed some infor-
mation on the difference in performance between both swisti It will be analyzed and compared
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the difference in the generated trajectories, the regufi®P throughout the walk, the ground reaction
forces and the body oscillations.

Computational time The first difference between the two approaches is the catipattime required
for calculating a solution at each computation cycle of thigot. The difference in the required time
to compute the solutions, in a modern laptop equipped wittngagl Core i7-2620M@2.7GHz and
6GByte RAM, is tenfold, the ZMP solution takes 0.0233 ms Q@2 ms std) while the CPG approach
takes 0.0023 ms (0.00043 ms std). These results are expestede CPG approach only requires
the numerical integration of the used dynamical equationthé CPG, while for the ZMP solution
it requires a sequence of procedures to reach the desirgdrbotions and foot placements, and the
computation of the inverse kinematics to find the respegtivet positions.

Energy consumptionlt is assumed that for comparison purposes, the energy ogpign on the leg's
servo joints can be inferred by the produced torquéds ds recorded from the simulator's dynamics
engine.
=20
E = T rdt (5.24)
t=0

For this comparison, both CPG and ZMP solutions walk stitaigh20 s. The produced torques and
respective trajectories were recorded, relaying an eneoggumption of 869§N.m)? for the ZMP
solution, and 10867N.m)? for the CPG solution.

Produced trajectories Similar walks are achieved for both solutions in terms ofegahcharacter-
istics, but are distinct in some aspects when analyzedubsefuch as the produced trajectories. In
fig.[5.20 are presented all the outputs to the joints of ZMRI{dd green) and CPG (solid blue) solu-
tions. It is possible to observe that both solutions prodtejectories with similar coarse features, but
the ZMP solution produces more detailed trajectories arnld stiarper inflections.

One can infer that the differences in the trajectories betwigoth solutions will cause divergent
walking performances, despite producing similar geneedking characteristics.

Ground reaction forces A look at the ground reaction forces of each solution proviseme insight
on how the weight is distributed throughout the walk and hois transferred from single support to
double support. In fig. 5.21 is presented the force sensmtaeseadings (FSR) from the left (top) and
right (bottom) feet, from the CPG (solid blue) and ZMP (dakbesen) solutions.

As stated previously, the produced weight distributiomtighout the walk is similar for both solu-
tions, exhibiting a strict alternate foot placement andstiime duty factor. Observing the instant of foot
strike in the right foot (bottom), it is clear that the CPGuwimin suffers higher impact forces than the
ZMP solution. Otherwise both solutions exhibit generatlg same ground reaction forces.

The ZMP solution produces slightly smoother weight trarsteetween support phases than the
CPG solution, as expected from a solution which uses ampielledge of the robot kinematical model.
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Figure 5.21: Ground reaction forces (GRF) measured froeefeensing resistors (FSR) in the robot’s
feet. Blue solid lines are the values read from the CPG solutind green dashed lines from the ZMP
solution.

Foot placements and center of pressurelt should be given closer attention to the progression of the
COP in order to perform a more detailed analysis in the diffees in the weight transfer between sup-
port phase throughout the walk, and the respective walkalgjldy. The measured COP is considered
to correctly represent the performed ZMP when the robot imdyically balanced, as is well explained
by Vukobratovic [217].

In fig. [5.22 the foot support throughout the step cycles caols®erved, in the top for the CPG
solution and bottom for the ZMP solution. Comparing the f@datements (red for left foot, green for
right foot) it is possible to observe that both walks are \&@nyilar in step size in the sagittal and frontal
planes.

The described trajectories of the COM (fig.5.2P(a)) and CIff5(22(b)) for both walks are strik-
ingly different however. For the ZMP solution, the COM falls a straight, direct progression between
support areas as planned through the ZMP planner. In ctrfsathe CPG solution, the resulting COM
progression is not directed, presenting wider curves aiad lbackward motions during double support
phases. The lack of COM planning in the CPG solution, meaaisttte COM progression over the
support areas in detail is uncertain, but the resultingdaberacteristics are expected from the overall
motion primitives employed.

The progression of the COP in the CPG solution is quite diffiwufollow in the figure, due to the
transition from single support to double support phase hed back to single support. The full weight
of the robot starts at the center of the left foot, where & tieroughout the entire single support of the
left foot. At the time of ground strike the center of presssindts instantly from the left foot to the right
front corner of the right foot. It then progresses throughftont edge of the support defined by the two
feet, returning to the left foot. The COP then progresseas fitee middle of the left foot to the back of
the right foot, and then to the middle at the onset of the rijigle support phase.
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Figure 5.22: Feet placement sequence for CPG (top) and Zuti(b) solutions, as viewed from top
to bottom. Robot walks forward in the axis (left to right). Red rectangles represent the placémin
the left foot and green rectangles represent the placenfiehe gight foot. Black lines represent the
COM progression projected in ground plane, as viewed froentdip, and the blue lines represent the
COP throughout the walk.
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In the ZMP solution the COP follows a close progression onptla@ned points, taking a direct
route between support areas, despite a small oscillatiomndrthe center of the end effector (small
circle in the foot). This oscillation of the COP, back andWard between the two feet, reveals a slight
oscillation in the robot during the transition between &rgupport and double support phases.

Body oscillationsThe greater oscillations in weight transfer exhibited by @OP on the CPG solution,
compared to the ZMP solution, can be corroborated by the bodje oscillations measured through
the robot’s IMU.

The robot’s body pitch and roll angles are depicted in[fig35\&ith the measurements from the
CPG solution in solid blue and from the ZMP in dashed green.

Roll angle oscillations (bottom) are close in amplituge]0°, and shape for both solutions, which
is expected from analysis of the produced trajectoriesarnrah joints that govern the movements in the
frontal plane (figl5.20), and from the frontal displacemeitthe COM and exhibited trajectory of the
COP, as seen in fig. 5.R2.

Oscillations in pitch angle (top) present an amplitude~ofi® in the ZMP solution, while for the
CPG solution the amplitude ts 10°. The difference in detail produced by the CPG solution in the
movements that govern the sagittal plane, the three pitalsjin fig.[5.20, may be the cause of this
greater oscillation in the pitch angle. This greater oatidh in the sagittal plane was also observed in
the COM displacement and COP path inffig. 5.22. Curiouslyrebkalting oscillations in the pitch angle
from both solutions are in anti-phase.
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Time (s)
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Figure 5.23: Pitch and roll angles measured from the rolhbtld for the CPG (blue solid lines) and
ZMP (green dashed lines) solutions.
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5.3.6 Remarks on bipedal walking

The proposed CPG solution for biped walking successfulbdpces the required motion patterns
for purposeful, goal-oriented biped walking. The procediarattain the manual parametrization of the
motion primitives has been demonstrated, revealing a bnef straightforward sequence of intuitive
tuning steps. Each motion primitive produces an intuitiveton action, rendering the tuning of the
motion primitive’s amplitudes a matter of observing the gt walking behavior, and adjusting the
amplitudes accordingly.

The performance achieved by the robot using the proposed $oR@on is similar to the perfor-
mance achieved by a typical ZMP solution.

The major difference in performance is observed during thebte support phase of the step, with
the CPG solution presenting greater oscillations in thehtdransfer on the support area. This effect is
the result of a lack of kinematical planning of the end effegtose at the instants of the double support
phase. The absence of kinematical planning in the genenastidns also reflects onto the maximum
attainable step length, with the ZMP solution being able édfgym larger steps, almost the double
length of the CPG solution.

Despite these slight differences in performance, the CR@igo is capable of accomplishing al-
most all the locomotor behaviors as the ZMP solution in flabia, except side stepping and choosing
the position of feet placement to achieve precise walking.

The proposed solution is able to produce stable, goaldmiewalking with real-time modulation
of walking, as shown in the ball following demonstration. adegaze towards the ball is sufficient for
modulating the amplitude parameters of the significant omoirimitives, resulting in a ball following
behavior.

5.4 Phase regulation

Feedback pathways play an important role in the generafitggged locomotion. Sensory infor-
mation originating from tactile information; from musclegition, velocity and strain; as well as other
more complex senses like vestibular and vision; are usegrtardically adapt the centrally generated
pattern of locomotion to the requirements of the environtmen

Step phase transition is a well discussed feedback in vateelwvalking, with many studies evi-
dencing feedback mechanisms which control the transitiom fswing-to-stance and stance-to-swing,
dependent on afferent signals [56, 143,/156] 160]. Direictesce from observations in walking decer-
ebrate and intact cats indicate that two types of sensogyeaits are involved in eliciting transitions
between step phases, relating to ankle loading and hip s&ten

For example, it has been observed that chronic spinal anerele@ate cats adapt the rate of hind
stepping to the speed of the treadmill, by adjusting the tohmreof the stance phase through holding
or initiating the transition to swind [160]. Manipulatiorf the hip extension can hold the stepping
action, by holding the hip in place, or elicit the transitifsom stance to swing by bringing the hip
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backwards[[143]. Also, swing-to-stance transitions carnii@ted by taking the leg and bringing it
towards the front.

These observations were the subject of investigation isaret works on animal locomotion and
CPG modeling simulations, including phase transitiongudased on the sensory information related
to hip position and leg load [56, 68, 218]. In robotics, sonueks have explored feedback mechanisms
which use the ideas from these observations to some extent.

Phase resetting mechanisms have been used quite frequre@BG based controllers|[4,6, 149,
173]. Phase resetting updates the nominal temporal stateeathythmic generator based on some
external sensory event, usually a foot strike. It aims tachyonize the temporal reference with the
external state through a specific, well timed event, usuléycontact of the foot with the ground which
indicates the initiation of the stance phase.

However the mechanisms at play in regulating the transitiostep phases also address the tran-
sition from stance-to-swing, and more importantly theyutatg the duration of the step phases by
advancing and delaying the transitions. This kind of phagelation has been explored for quadruped
robots usually only relying on foot load sensory informatidt has been discussed as a method for
achieving physical entrainment [174], interlimb coordioa and to increase robustness to unperceived
slopes, steps and lateral perturbations [135], 136].

5.4.1 Phase regulation mechanism

The proposal for the phase transition mechanisms are ambigmthe assumption that by delaying
and advancing between phase transitions, it provides faptatdon and adequation of the executed
motions to the robot state and environment. The transitlmgtsveen swing and stance phases are
regulated using four mechanisms, divided in two roles faheamporally defined transition, swing to
stance and stance to swing. For each transition there arentwebanisms with the ability to delay or
elicit the advance to the next step phase, triggered wheaicazvents occur or certain conditions are
met.

A phase transition is delayed with the aim to hold the trémsito the next step phase, until a correct
expression of the walk is observed, or the fulfillment of aerievents. If some expression of the walk
is observed earlier than expected or certain events hasadgiroccurred, an early phase transition can
then be elicited, promoting for the execution of the nexp gtease.

Swing to stance

At the transition from swing to stance, the leg comes frontatiag the transfer of the foot towards
the front, up to the point when the foot is placed on the growidhe same instant the motions of
stance phase start to be performed. If the sequence of thests és not followed, the phase transition
mechanism should regulate the performed motions. In thgaesge the easily identifiable event is
the placement of the foot, which happens at the same inssatiiteatransition from swing to stance.
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Therefore, the foot placement event is used as an indicatawtiether or not the executed step phase
matches the exhibited step phase, performed by the robot.

Two circumstances in the transition from swing to stancecansidered, when the foot has touched
the ground before swing phase has finished, and when theegphase has already initiated even before
the foot being securely placed and able to support the boegeiRlit is assumed that a corrective action
should take place accordingly to these two circumstancesplying delay or advance mechanisms.

Advance If the foot touches the ground before the end of the swingghas early and fast transition
from swing to stance should be elicited.

Delay Just before the initiation of the stance phase, if the fostyad to touch the ground, the transition
from swing to stance should be delayed.

The designed mechanisms need to detect the transition éetilie step phases, and it should act
accordingly with the described adjustments in case ser@myts are not occurring correctly.

Detecting the transition between step phases is a mattarifjing the value of each CPG’s phase
¢i. The transition from swing to stance happens arogind= 5. This value is used to temporally
activate the advance mechanism before the transition®e&ZB)), and activate the delay mechanism at
the boundary region between the two step phases[{eq] (5.26))

1, 0<¢; <X
A5 adv = ' . 2 (525)
, otherwise
17 QZS S
i del = 2 (5.26)

0, otherwise

The mechanism, if activated within the correct temporalargis able to be triggered through the
loading and unloading of the feet. Feet force sensors adbtosgetect the loaded and unloaded status,
returned by a boolean functian for the footi and defined by a pre-determined threshold (eq.(5.27)).

1, load is higher than threshold

’ (5.27)
0, load is lower than threshold

Advance from swing to stance Triggering of the advance mechanism for the swing to starmresi
tion happens when the foot comes in contact with the groéing, 1, before the transition to the stance
phasega; ,qv = 1, meaning the CPG is in swing phase, contrarily to the readtrokliciting an early
and fast phase transition is a matter of influencing the dynatate of the leg’'s CPG: phase; and
the motion trajectories; ;.

The presented mechanism in €q. (5.28) advances the phaserbgsingg; to a very high value,
much higher than the value of the stepping frequaen@nd the effects from the coupling term. After
the triggering of the mechanism, the phase of the oscillatoises abruptly until it reaches the stance
step phase¢; > 7), resuming the normal behavior dictated dbyand the coupling terms. Function
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a; adv deactivates the mechanism just after reaching stance.phase

It is unclear what should be the ideal behavior of the gerdratotion when a phase transition is
elicited. Therefore it is proposed that the generated mstghould resume from the same trajectories
exhibited just before the transition was elicited. Thisichas justified by the need to maintain the joint
positions at the moment the foot touches the ground, nawadtpthe trajectories to change abruptly by
the sudden change in the phase To block the change in; ; during the transitionz; ; is set to 0 by
the mechanisms in ed.(5]29), activated on the region béffieretance phase,(.q,) and triggered by
the foot touching the ground).

(Z'ﬁz‘ =w 4+ ksin ((bl — (bo + 77) + Tadvai,adv(si (528)
—a(zji — O0j) + > f; (Zj,m b, ¢z)

1+ Tadv@i,adv 5@

Zji = (5.29)
By setting a very large value fotq,, it is ensured that the transition on the phase from swinggtace
will happen in a very short time, and the trajectory will belght to an halt by means 6f; ~ 0.

Delay transition from swing to stance Similarly to the fast transition from swing to stance, the
triggering of the delay mechanism is carried out by the atitim of the mechanism within the range
of the boundary between swing and stanegy, = 1, and the lack of foot contact with the ground,
0; = 0. Changes in phase oscillator are presented in(eq.](5.30firtdgathe transition is a matter of
not allowing¢; to change at its normal rate, which is achieved by setfing: 0 when the mechanism
is triggered. The motion patterns are also stopped whilerteehanisms are delaying the transition.
The resultingz; ; ~ 0 from having¢; =~ 0 will hold the trajectories at the positions just before as th
transition from swing to stance had occurred.
~wFksin(¢; — ¢o +7)

hi = 5.30
¢ 1 + Tdel@idel (1 — 9;) (5-30)

A large value ofry. easily achieves the desired effect of holding the transiiioterms of phase;.
The CPG resumes nominal behavior after the triggering oflét@ying mechanism, as soon as the foot
touches the ground.

Stance to swing

The transition from stance to swing marks the point when ¢igeehds the execution of the stance
phase, reaching the maximum leg extension, followed byrtitiation of the swing phase by lifting the
foot.

Again, the lifting of the foot is a good indicator of whethar ot the stance phase has finished,
and the swing phase has been initiated, compared to thendyrgenerated motions. Discrepancies
between the executed motions and the requirements for &ipepression of a walk may result in
problematic situations. For instance, initiating the gyyinase, and the lifting motion, of a loaded foot
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may leave the robot unsupported. It is assumed that delagdvahce mechanisms for the step phase
transition should address these situations and corredisbeepancies.

Advance If the foot is unloaded before the end of the stance phaseadnteansition from stance to
swing is elicited.

Delay At the limit of the transition between stance and swing, & thot remains loaded, the transition
should be delayed.

The detection of the transition from stance to swing is pentd by verifying the value ob;,
which is carried out by functions; 4, andb; 4.1. These functions are used to activate the advance and
delay mechanisms at well-defined temporal zones. The adwarchanism is activated in the later half
of the stance phase, allowing for the mechanism to elicitaaty dast transition into the swing phase
(eq. [5.31)). The delay mechanism is activated by detec¢tingransition region between stance and
swing of the currently executed phagg(eq. [5.31)).

17 _W§¢i<—%

bi,adv = (531)

0, otherwise

17 ¢Z ~ _%
0, otherwise

bi.del = (5.32)

Within the activation zones of the step phase, which corsctita transition from stance to swing,
the mechanisms are able to be triggered by events regattngadings from the feet sensors. These
events are detected by functiondefined in eq.[(5.27), detecting the loading of the féet= 1) and
unloading of the feet = 0).

Advance from stance to swing A fast transition from stance to swing is triggered when thet iis
unloaded before reaching the swing phase, enabled hy = 1 and triggered by; = 0. Similarly
to the advance from swing to stance, a fast transition iseaeli by manipulating the phaseand the
motion trajectoriesy; ; dynamics. Increasing, to a value much higher than + k sin (i — Po + )

and stopping the motion generation by holdig ~ 0, as given by:

(bi =w + ksin (¢Z — (bo + 7T) + Tadvbz',adv (1 - 51) (533)
—a(zji —05) + > fj <Zj,z‘, ®i, ¢z)
14+ Tadvbi,adv (1 - 52)

Zji = (5.34)

The phase of the oscillator rises abruptly after triggeringtil just reaching the swing step phase,
where the functior; .4, deactivates the mechanism. A very large valuerfqy is chosen, ensuring a
fast transition on the phase, and a stop on the generatedmaoti

Delay transition from stance to swing Just like the delay on the transition from swing to stance,
the delay mechanism is enabled at the boundary region ofahsition ¢; 4.1 = 1) and triggered by a



137 CHAPTER 5. BIPED LOCOMOTION

continued load of the foot){ = 1). The manipulation of the phase dynamics is presented i(b€2B),
delaying the transition for the next step phase by making 0, for a largerge.

:w—i—ksin((bi — o + )

5.35
1 + 74e1bs el (5:35)

&;
The nominal behavior of the CPG is resumed after the unloddeofoot is detected, releasing the
delaying mechanism.

Phase regulation summary

In summary, it is considered that the transition advancimgmnism is enabled during the latter
half of the step phase, defining .4, from swing to stance ant} .4, from stance to swing. Delaying
mechanisms are enabled on the boundary region between ég@btses, which defines 4, from
swing to stance andl 4, from stance to swing. A phase transition mechanism is trgmyé a deter-
mined loading or unloading condition is verified in the redpe legi through the functior,.

The four mechanisms are implemented as term added to the phe#lator eq.[(3.11) and motion
pattern generators eqk.(3.12) for all leg joints:

b = w+ ksin (¢; — ¢ + )
"1+ Tder (aider (1 — &) + b ge1d;)
—a(zji—Oj) + > f; (Zj,iv bi, @)

Zii= 5.37
- 1+ Tadv (ai,adv6i + bi,adv (1 - 62)) ( )

+ Tadv (@i adv0i + biadv (1 — 9;)) (5.36)

wherer,4, andry. are positive constants that adjust the strength of delayadudnce effects.

The objective of adding members in eg. (8.36,5.37) is toease or decrease the rate of change
of the CPG phase; and stop joint motiory; ; during phase regulation. Making ~ 0 delays phase
transition, while increasing above the nominal frequency achieves an earlier transiffon stopping
the joint motion,z; ; is set to~ 0.

This interplay, between phasic dependent feedback argktiity conditions from physical exhibi-
tions of the walking dynamics, is expected to adjust the maimivalking trajectories according to the
robot and environment needs.

5.4.2 Simulations with HOAP-2

Simulations are used to demonstrate the proposed phadati@gunechanisms work as designed
and to compare the effects of phase regulation in the walkreiHeare presented the results from
simulations in the Webots robotics simulator, using the ehofithe HOAP-2 humanoid robot. HOAP-2
is a small biped robot with 48 cm, weighting 6.8kg, with 28 D¥Qpresenting a very similar kinematical
configuration as the DARwIn-OP.

Fig.[5.24 shows the phase regulation mechanism elicitedeati¢signed conditions in a straight
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walk in flat ground. An early transition from swing to stanedriggered at (A), after the foot touching
the ground earlier than expected. At this instance the pbasiee CPG advances to the next step
phase, the stance phase, and the trajectories are heltherttidnsition is complete, resuming from this
point throughout the stance phase. At the end of the starasepimoted by (B), the foot measures a
sudden unload, which triggers an early transition fromctain swing. However this transition is not
completed because the foot remains loaded in the subseiqgtaits, which is deemed a false positive
on the triggering of the mechanism. At (C) the delay mectmariiem stance to swing is triggered due
to the remaining load at the foot. The phase of the CPG anddfextories are held until the foot is
unloaded below the threshold, resuming after the swingtege.
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Figure 5.24: Left leg trajectories and phase regulationhaeism triggering during one step cycle. A
transition was elicited from swing to stance due to earlyt foachdown (A). When the load decreased
under the threshold a transition from stance to swing istetiqB). However, the foot was not fully
unloaded before entering the swing phase, so the oscillesrdelayed until reaching below the force
threshold (C).

Several simulations were performed with the aim to test gaaf values for the compass motion
amplitude Aqompass, ranging fromi to 16, affecting the nominal step length. In fig. 5125 is obser@abl
the achieved step period, velocity and step length withs@rand without (circle) the feedback for each
value of appliedAcompass- The inclusion of phase regulation allowed to incredsg,ass further than
8 without the robot falling. Globally, the effective achieveelocity was lower at the same amplitudes
when the feedback was active (cross). This is due to theteffébe delay mechanism in the transition
from stance to swing. The step period is similar in both $itus. However ford.ompass > 9 the
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period is reduced due to the effect of elicited early tramsit between swing and stance (cross). When
phase regulation is active (cross), the achieved stepHaadlightly smaller than when it's disabled
(circle), mostly due to the early transitions.
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Figure 5.25: A smaller velocity is achieved overall, whemgh regulation is active (cross). However
the inclusion of phase regulation feedback allows for geat,,.ss Values, compared to when the
feedback is not used (circle). The range of useable valuedsed 100% for a successful walk with
phase regulation.

Simulations suggest that with phase regulation feedbaclekigner has more room in parametriza-
tion of walking motions. It is not necessary to find the parfearameters for slight variations in envi-
ronment and is possible to use a greater range of values. dptatobn to slight environment changes
was also verified, where nominal motions are adjusted anebtiw is able to walk up and down modest
slopes.

Simulations in up and down modest slopes have also beenrperdo(fig.[5.26). The aim was to
ascertain if the application of phase regulation mechasisnmable any adaptation in the walk, which
would enable it to cope with perturbations such as tiltedugdo A range of slope inclinations was
tested, fronD° to 4.5° upslopes and from° to —3.4° in downslopes.

Without phase regulation the robot is not able to walk, ejthp-slope or down-slope, falling in the
very first steps.

5.4.3 DARwINn-OP experiments

The real robot walks successfully in flat terrain after a sharametrization of motions, and when
phase regulation is active it adjusts slightly the nomireat.g/NValking slight sloped terrains (upz 4°,
down: =~ 2.5°) is not possible without the activation of phase regulatiainforcing the obtained
results from simulations. Videos of the experiments ardable atht t p: / / asbg. dei . um nho.
pt/user/ 1.
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(a) Up-slope walking without phase regulation. (b) Up-slope walking with phase regulation.

Figure 5.26: Simulations’ snapshots from up-slope walkifity an inclination of4.5°.
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Figure 5.27: Results from the simulations testing up andrdslepe walking with different angles, in
terms of step length, step period and achieved velocity.sTihelations with phase regulation allowed
the robot to walk in steeper slopes.
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The robot walks a down-slope ef 2.5° with the phase regulation activated until 36.8 s in the
experiment. At this instant of time, phase regulation isctieated, just about when the next step takes
place, the robot loses balance and falls (fig. 5.28). [Eid8 Bebicts joint trajectories for the right leg,
ground reaction forces from the right foot, right phase aigjered phase regulations. Only advance
transition from swing to stance is triggeredkaB5 s and= 36 s, when the foot touches early the ground
because of the inclination. Clearly visible is the diffezerbetween the adjusted joint trajectories when
phase regulation is employed € 36.8 s) and the nominal trajectories when phase regulation is not
employed { > 36.8 s).
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Figure 5.28: DARwIn-OP walking down a slope up until phasgutaetion is deactivated and falls.
After deactivating phase regulation¥ 36.8) nominal trajectories are no longer adjusted according the
sensed ground reaction forces (GRF). Just about the ngx{tste 37 s) no phase advance is elicited
due to an early touchdown, making the robot lose balanceahd f

These achieved adjustments changed the overall step penigdslope walk from 1.20 sto 1.04 s
and also reduced the performed step length from the nomi@&08 m to 0.0424 m.
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5.4.4 Remarks on phase regulation

In this section a phase regulation mechanisms is proposédy oot load information for con-
trolling the transition between the step phases, and iilgaget the potential improvements on biped
walking. Although not necessary for obtaining a stable walitat terrain, results have suggested that
the application of the regulation mechanisms does intredne level of adaptation to the walk.

The inclusion of the phase regulation mechanisms has isedethe range of admissible values
for the amplitude parameters of certain motion primitivesch as the compass motion. Besides the
ability to perform larger motions, the feedback mechanisorsect out of range motions resulting from
parameters with values greater than it would be admissible.

Experiments have demonstrated that without the adaptafitime nominal walking motions pro-
duced by the proposed motion primitives, the robot falls nviaalking up and down slopes. The
inclusion of the phase regulation mechanisms allows thetrabwalk up slopes up td° and walk
down up t02.5°, eliciting especially the transition from swing to stangen earlier contact with the
ground.

The proposed phase regulation mechanisms requires, miestha very careful choice of param-
eter values and magnitude of the regulation effects, ofiserit the effect of the mechanisms risk to
hinder the walk. The region of activation on the rhythmic gghaignal controls for how long the mech-
anisms are listening to the signals from sensory informati@ving an important role of defining a
temporal window of the step which the feedback is able tocatfee walk. A careful choice of the load
thresholds used for each transition mechanism is alsorestjuas a less adequate value can result in
intermittent walking behavior. For instance, choosingva load threshold for the transition delay from
stance phase to swing phase may cease stepping, complaitihg the walking robot.

The robot was subject to other disturbances for purposegatiiaing the role of the phase regula-
tion feedback, such as small pushes in the sagittal andafrpleine and stepping on unperceived small
steps. However, the inclusion of the regulation mechanisasnot fruitful, as the robot was not able
to recover from such disturbances.

5.5 Open-loop CPG within LQP whole-body control

The current section demonstrates the integration of a CB&dbaalking controller within a model-
based paradigm for whole-body contriol [181,182]. The gotd have the CPG to control the locomotor
task, in a framework which can pursue several tasks sinetiasly. The CPG approach presented in
sectior 5.11 will be used to substitute the ZMP walking geteerthat has been previously applied in the
framework. It will explore the advantages of general puepasodel-based, control framework allowing
for the combination of tasks of different nature, and the GRBility to produce periodic and stereo-
typical behavior such as locomotion. However, the CPG shptdvide the same abilities as the ZMP
based solution, in terms of generating proper walking bieinato allow change in walking velocity,
have the ability to navigate the environment and to work witthin the whole-body framework.

Here the proposed CPG is integrated in the framework as auhisk produces reference positions
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and how it is combined with other tasks. Then the performaridbe resulting walk is compared to
the produced ZMP walk, in energy consumption, computatitinee, stability and walking abilities.
Finally it is demonstrated how the CPG has the ability to poedgoal-directed walking within the
whole-body control framework, in a scenario where the rdtast to perform several tasks. Videos of
all simulations are available bt t p: / / asbg. dei . uni nho. pt/user/ 1.

The LQP whole-body control framework will be next summatiize

5.5.1 Whole-body control

The control problem formulation for whole-body control peated is based on [182]:

1. Adescription of the constraints acting on the system;
2. An objective function to minimize.

At each time step the control algorithm computes the actsaitgput torque that minimizes the objec-
tive function without violating the constraints.

Constraints

The constraints of motion of a floating-base robot, as bipedter legged robots, can be described
using the Euler-Lagrange formalism for the equations ofiomot

M(q)g+n(q,q) +g(q) = ST+ Je(q) we. (5.38)

For a given stat¢q, g), this first constraint relates the generalized accelerdfitw the generalized
forces acting on the system. These forces are due to théaln@it), Coriolis, centrifugal/non-linear
(n) and gravitational ) effects as well as to the actuation and the interactiont@frobot with the
environment. On the left hand sid€,and T are respectively the actuation matrix and the input torque
vector wheread,, w,. are the contact points Jacobian and the contact wresietiows to account for
the fact that some DOFs are not actuated (typically theffosging base).

Other constraints considered are: joint position, vejoaiid actuation torque limits as well as the
ones related to the contact of the robot’s feet on the grolimse constraints are written as equality
and inequality functions of, = andw,. and their general expression is given by:

Al@)X = b(q,q) (5.39)

T
whereX = | g7 w? 7T | isdefined as the dynamic variable of the system.

[

Tasks

Redundant robots, like humanoid robots, with a large nurabBOFs and several end-effectors can
pursue several objectives simultaneously. For examplijmgeand holding an object, in a transporting
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task, or in a more challenging example, holding an objedh Wit left arm, opening a door with the
right arm while balancing in one leg and kicking a ball.

The objectives are described in termopErationaltasks, i.e. tasks associated to controllable parts
of the robot. More specifically, an operational task can bmdd as:

¢ aframe on some part of the body of the robot and which is to beaited;
o the target value for this frame;
e the desired error dynamics.

Using this kind of control, depending on the task to purshe,target can be expressed in terms of
desired frame pose (frame position + frame orientatio@mfr acceleration or using screw theory by
means of a target twist or wrench. For the error dynamicscal lcontroller is used, as the commonly
applied PID, or an impedance controller structures. Incadere pure reactive control is not sufficient,
model predictive control can be used.

Taski outputsv{es at each control instant, related to the dynamic varidbtarough models of the
system and the task is written as a weighted-euclidean nomirtimize:

T(@.4.%) = |1 (@)X = f; (2., [}, (5.40)

i

computation of the weighted-euclidean norm.

where E; (q) and f; (q,q,'vdes) encapsulate model related informatiofi/; is the weight used for

Considering a task consisting in controlling the operatiaacceleration of the right hand of the
robot, E; (q) = [ Jru(q) 0 0 } and f; (¢,q,v%*) = —Jru(q,q)q + vl wherevi is the
desired acceleration at control timend Jrz (q) is the Jacobian associated to the right hand of the
robot.

Solver

Given the generic task formulation_(5140), convex optimiaratheory [25] is employed through
the use of a LQP solver which, at each time step, minimizesdnebined task errors while ensuring
strict compliance to the constraints. Such solvers do ropiire the explicit inversion of any model of
the system, they are implicitly done through the constichiogtimization process. Moreover, physical
constraints are, for most of them, naturally described egualities which can naturally be handled by
this type of solver.

For combining incompatible or conflicting tasks there are twtions. Either tasks are organized
in hierarchical fashion, which strictly decouples the &shr tasks are weighted. Both strategies are
valid and more adequate depending on the applications. Avadson and further detailed analysis are
presented by Salini et al. [182]. The presented work useghtel tasks.
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The retained n-tasks solver can be summarized by

1

min - 5 (Z (87.Ti(a, 4, %)) +ﬁS.To(q,q,X>> (5:41)
=1

st.: AX = 0b(q,q)

whereg; is the weight of task, Tj is a regularization task angh < ;.

5.5.2 CPG based walking on Whole-body control

Considering the previously summarized whole-body corfteshework, a minimum of four tasks
are necessary to achieve a bipedal locomotion in a humaabdt:r

T, Task enforcing body posture;

T, Task enforcing body height;

T3 Task enforcing the tracking of feet placement;

T, Task maintaining and tracking the COM on a reference trajgdtom ZMP.

TaskT3 controls the feet frames’ pose, tracking the placementipasicomputed through a param-
eterized walking pattern generation. To maintain stabtliroughout the walkT}, controls the COM
of the robot using linear model predictive control, mainiag) the robot's ZMP coincident with the
reference ZMP, from the feet placements.

While taskT3 controls the legs’ DOFs arifi, controls the COM, the pose of upper body’s DOFs,
back joints, arm joints and neck joints, are not providedferemce value. These other DOFs would be
left adrift and their pose would result solely from the COldker in taskl’y; and feet placement from
T5. It is important to remember that the solver will find the meficient solution in terms of energy
and use minimum effort to fulfill the tasks. To maintain anight body posture]; provides for the
tracking of reference positions in all the body joints touteg a upright stance. Legs are maintained
stretched and back straight, holding the robot upright uitdeown weight. Neck and arm joints are
set in a pose to complete the overall upright posture of thetroTaskT, aims to reduce the body
oscillations and height variation from the walk, maintagnia prescribed height and upright orientation
on theroot frame.

Besides of the typical constrains regarding robot’s coméijon and actuators’ limitations, feet
collision constraints are added to the control problem fdation in this walking application.

In this section the aim is to demonstrate how the biped CP@saged in this chapter can take the
role of the two later tasks in the generation of locomotiorerddis hypothesized that a CPG tagk
could generate lower body joint reference trajectoriggla@ng tasks, 73 andT,. The CPG tasis
is expressed in terms of a desired joint positign(¢), input to a local PID controller. It implements
the integration of the differential equations, outputtthg solutions; ; (¢), in the proposed abstraction
used as leg joint trajectorieg; (t) = z;; (t).
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The implementation from the presented biped CPG soluticsestion 5.1 is retained, each CPG
is constituted by a rhythm generator and six motion genesatme for each joint. Motion generators
rely on the specified motion primitives and on the phase adtpm the coordinated rhythm generator
to generate the respective joint trajectories. In the falhyg demonstrations five motion primitives are
used:

Balancing motion - lateral displacement of the body;
e Flexion motion - achieves vertical clearance;

Knee yielding - perform small flexion of knee on stance;

Compass motion - generates propulsive movements;
Turn motion - allows the robot to turn while walking.

In the CPG demonstrations, two tasks are sufficient to addheswalking problem. Tasky, is
similar to task7; and maintains upright posture by maintaining referencétipas in the back, arms
and neck joints. TasKj/, the CPG task, produces the reference positions on theilgg jo maintain
the upright posture, configured as rhythmic offset on thehmmjc motions, and the necessary walking
patterns to achieve a successful walk.

However, the achieved performance in terms of step lengtelocity achieved, and the occasional
loss of balance in certain situations brings to attentianlitinitations of the simple and limited nature
of the selected motion primitives and the effect of operpltrajectory generation. To quickly address
these issues a tadk to control the COM was devised. Tagk was designed to take a reactive role to
maintain a projection of the COM of the robot over a refere@€M, calculated from the center of the
current convex hull of the support polygon.

5.5.3 Simulations

To validate the proposed CPG application in the whole-baatytrol framework and to quantita-
tively compare it to the ZMP implementation within the samariework, two scenarios are simulated.
Simulations are performed in Arboris-Python [179], an epenrce dynamic simulator developed at
ISIR in Python programming language. The implementatioh@P relies on CVXOPT/CVXMOD,
two Python packages for convex optimization|[43]. The sated robot is a model of iCub present at
ISIR, with 38 DOFs (32 joints + 6 floating joints to locate tlot in space) and four contact points at
each foot.

To fully demonstrate how the CPG controller can successtlibstitute the walking algorithm
based on the ZMP point, two simulation scenarios are adetleds the first scenario the robot walks
forward, freely in a flat environment. The goal is to demaatstithe ability of the CPG controller to
produce and fulfill the walking task and then further compthie performance between the walking
implementations. The second scenario demonstrates tlity abithe whole-body control framework
to sequence tasks, and the ability of the CPG controller adywre different locomotor behaviors, ac-
cordingly to external commands.

Parameter values used in these two simulation scenariggesented in table 3.5.



147 CHAPTER 5. BIPED LOCOMOTION

Table 5.5: Parameters used in both simulation settings.

Abalancing 6 OhYaW 0
Aﬂex,knee 35 OhRoll -1.5
Afiex hip 18 Onpiten | 15
Ayield 2 Oknee -25
Acompass [07 7] OaRoll 1.5
Aturn [_107 10] OaPitch -16

| wrad.s™') | 418 ||k I

Walking simulation

On this simulation scenario, the robot is made to walk fodyéneely in a flat terrain (fid._5.29), to
demonstrate the ability of the CPG controller to produceléigés walking motions and substitute the
typical ZMP based implementations in this whole-body colrdcheme.

Three walking implementations are simulated and preseatedng to provide results for compar-
ing the performance of each approach. A summarized viewsotfhtee implementations:

I; CPG walking, tasks:

e Ty - upper body pose,
e T3 - CPG task;

I, CPG and COM task walking, tasks:

e T}/ - upper body pose,
e T3 - CPG task,
e T5 - COM task;

I3 ZMP walking, tasks:

T} - body posture,

T - root frame height and pose,

T3 - feet placement,
T, - ZMP tracking.

In implementation/; only two operational tasks are used to control the completiking of the
robot. TaskT’, goal is to maintain an upright posture of the robot, coritigllall the joints, except
leg joints, by maintaining fixed reference positions. The3QRskT3 is assigned to control the 12 leg
joints, achieving two goals: supporting the robot and gatirey the movements that will produce the
actual walking.

It has been verified that in certain cases when uginghe whole-body control scheme would not
always follow the reference trajectories produced by th&@dsk. To quickly address these cases, in
I, an additional task'; was introduced. Task; tries to maintain the robot's COM over the center of
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Figure 5.29: Snapshots from straight walking using impletaigon I5.

the support polygon, defined at the different step phaselseasanter of the foot and ground contact
points, aiming to provide increased robustness while wglki

The I3 implementation is similar to the walking implementation ®glini [182]. Body posture,
orientation and altitude are controlled by tagksand1;. TaskT3; andT, produce the actual walking.

The task weights used in the three implementations are mexbén tabld 5J6, based on previous
works [182] and heuristically.

Table 5.6: Weights for active tasks.

Ty | Ty | T3 | T}
G6;1 1 (01]01]0.1
Ty | Ty | Ts
3,1 1 01|01

These implementations achieve straight, forward wallamgl present very similar walking charac-
teristics in terms of step period, step length and progoessParametrization for the stepping planner
in I3 was performed to reflect these similarities from the CPG dbagaking in I; and I, that use the
parameters in table 5.8lcompass = 5 and A, = 0, the longest step length able to be performed when
not using the COM tasK;. Using COM tasKis allows for a slightly larger range of values for the CPG
parameters, e.g. maximury,mpass = 7 When using COM task.

Fig.[5.30 shows the CPG produced joint trajectories (dptéed the performed joint trajectories
(solid). For the two CPG implementatioisand s, the output joint trajectories from the CPG task are
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the same, since the only difference is the existence offgskven the performed joint trajectories are
almost indistinguishable, despite the inclusion of task

In fig.[5.30, in both implementations during swing phaseatiad 13.5 s, it is evident the role of the
LQP in producing the final joint positions. The referencgettories from the CPGs are not followed
by the LQP as to produce the final solution. Because the whadly-framework is kind of black box, it
is very difficult to have an idea on why the final joint trajestaloes not result from a perfect tracking
of the CPG output. It results in a lack of information on theszs of the tracking error demonstrated
in the ankle roll (fig[5.3D).

CPG task only CPG and COM task  CPG vs CPG+COM
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Figure 5.30: Joint trajectories output from the CPG tasktédblines) and the performed joint trajec-
tories (solid lines). In the first vertical panels are présdi; solutions (red) and in the second panels
I solutions (green). The third vertical panels superimpdegerformed joint trajectories for better
visualization and comparison.

Fig.[5.31 brings more insights in the small differences leetwthe simulations. It presents the feet
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placement sequence fdy (top), I> (middle) andl; (bottom), as well as the COM path during the walk
(solid).

Foot placements can be clearly visualized and an idea of chieveed step length in the three
implementations can be obtained. In implementafipthe step length achieved is slightly smaller than
the step length achieved in implementatibn Both implementations use the same CPG parameters,
with the sole difference on the additional COM tagkin Is.

The COM path progression on the frontal plapeakis in the figure) is similar in both all imple-
mentations. However, in the sagittal planeais) the COM exhibits a backward motion during double
support phase in the first implementatiah)( Fig.[5.31(b) shows a detailed area where this effect is
visible. With the addition off; in I, the backward motion during double support phase is pedbtic
suppressed. Therefore it can be deduced thatFas#fects the progression of the COM, resulting in a
monotonically increasing progression during the walk améhareased step length.

Comparing both; andl; CPG implementations to the ZMP implementatiBrin fig.[5.31(b), it is
observable that the sagittal progression of the C@MNXis) in the ZMP linearly increases at a constant
rate, while for the CPG it presents periodic halt in progmsshappening during the double support
phase.

To investigate the energy efficiency between the CPG and e BEased solutions, energy con-
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The energy values are presented in tablé 5.7, which sugest€ PG based locomotion is more costly
energy wise. A direct correlation appears between enemgsuwoption and the efficiency of the control
of the COM. Minimum energy expenditure is obtained when iekpy controlling the COM ini3 by
using a dynamical criterion. A reduced energy consumptiofy in comparison td; is suggested by
the use of a static balancing criteriaip. Also, most of the energy consumption in the three strasegie
is dedicated to walking.

sumption was approximated by:

(5.42)

Table 5.7: Energy consumption and average computationgé@neontrol iteration for the three walking
implementations.

Consumption §2.m?) I Iy I3
Whole-body 811669 771504 512931
Legs 776711 752606 499215
Computation timers) I Is I3

Total time 72.13 (9.08)| 83.45 (8.57)| 125.68 (s.d.=11.83
Constraints and tasks updatel2.42 (0.61)| 25.54 (0.75) 57.4 (6.28)
Solver 59.71 (9.28)| 57.90 (8.70) 62.28 (8.88)

In terms of computation time presented in 5.7, the tesuwe as expected and rather logical: the
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more model reliant the approach is, the longer is the coniputéime. This time difference is one of
the argued benefits of using a CPG based approach for penigeyclic tasks, such as walking. Other
computational task unrelated to the generation of walkiyements, take a similar amount of time
for the three implementations.

Task sequencing simulation

In the second scenario is demonstrated the ability of thdevbody controller to achieve sequential
and simultaneous task execution, where walking is prodogdatie CPG control.

The sequence of executed tasks is depicted infigl 5.32: bio¢ iratiates walking (1), walks forward
towards a table (2,3). It then stops and reaches for a boxeotalite, picking it up (5). While holding
the box, it turns right in place (6-9) and then resumes walkitile transporting the box (10-12). On
this simulated scenario the tasks defined previously inémgitation/s used , and two new tasks are
added:

Ts Left hand contact point with the box; = 0.02;
Ty Right hand contact point with the bogg = 0.02.

Task sequencing is achieved by altering the weights of aalketasks at certain triggering events
[182]. For instance, when the robot reaches a certain disttiom the table and stops, the tasks that
maintain the contact between the hands and the box aretectivRvents also trigger the change and
modulation of CPG parameters, producing different locanbehaviors. Such events:

e start locomotion at the beginning of the simulation;

e modulate the compass amplitude in proportion to the distafithe table;

e stop the robot at the table;

e initiates walking after holding the box and turns right imq&, by changing motion amplitude
values;

e resumes forward walking after finishing&° turn, transporting the box.

The used CPG parameters are presented ifLfdb. 5.5 and atainedrconstant throughout the sim-
ulation, except parameters in tBb.15.8 for the values ustittiggered events and walking modulation,
such asAcompass aNd Agyrn.

Table 5.8: Parameters used while turning and walking wtaldihg the box.

Walking forward: | (°) || Turning: | (°) || Walking and holding box] (°)
Acompass 7 Acompass 0 Acompass 5
Aturn 0 Aturn -10 Aturn 0

Fig.[5.33 shows the footsteps of the robot throughout thelsitions as well as the optimal (dotted)
and actual COM path (dashed). When walking with the box, th®t performs smaller steps as the
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mass of the box increases. The measured step length aftdviggeathe box are 0.163 m, 0.161 m and
0.158 m for the simulations with 0.1kg, 0.5kg and 1.0kg barspectively. However, one can not draw
a definite conclusion on what is causing the difference ip Ergth in the obtained results. The only
changing factor is the box’s mass. Results suggest thaixthee mass from the box is weighting down
the robot, and therefore it produces smaller steps, or iddoel the result of the application of the task
T which adapts the walk to the change of the robot’s global mass
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Figure 5.31: Feet placement sequence and COM path whemgdtkiward.
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Figure 5.32: In the depicted scenario, the robot initiatetking towards the table, until it stops when
reaches a minimum distance to the box. The box picking tagictivated, and the robot resumes
walking while holding the box. The robot turns right and thealks forward while transporting the

box.
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Figure 5.33: Second scenario: Feet placement througheusithulation and resulting CoM ground
projections when A) walking towards the table, B) grabbimg box and turning in place and C) holding
the box while walking. Results are shown for different wesgbf the box: 0.1kg (red), 0.5kg (green)
and 1.0kg (blue).
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5.5.4 Remarks on CPG within whole-body control framework

The proposed CPG is included in the whole-body controlkea ask which produces joint reference
trajectories, substituting the ZMP controller which prodsi reference end-effector positions.

Simulations demonstrate how the CPG task is able to achisie goal-oriented walking, and goal-
oriented walking while the whole-body controller pursuesesal tasks simultaneously. The walking
task is achieved as well as the ZMP’s task, with only sligiarae in the obtained performance. How-
ever, the employment of the CPG task instead of the origindlPZask does not seem to yield many
advantages.

Effectively, the robot is able to walk and perform goal-diesl locomotion which is modulated in
real-time, and the total time of a computing cycle decreafmsst twofold when using only the CPG
task to govern the walk. Besides these advantages, the ymgahd of ZMP task seems more favorable.
It achieves lower energy expenditure by a third in comparig® CPG walk, it performs a smoother
progression of the robot, it is possible to achieve preas¢ placement and easily include placement
planning methods for navigation in cluttered environmedlimb stairs and slopes. Moreover, stability
cannot be guaranteed with the same confidence as the ZMPniraptation.

5.6 Discussion

In this chapter is proposed a CPG based solution for the gioerof biped locomotion for a small
humanoid robot. In contrast with the CPG solution presemetiaptef 4 for a quadruped robot, the de-
sign of a CPG for a bipedal robot requires a different apgrpas the sinusoidal patterns from the CPG
are not appropriate for achieving biped walking. The CP@tswh proposed in this chapter addresses
this problem by tackling the generation of a temporal andiapeeference in two separate layers, al-
lowing to accomplish more complex motions, and to accorhhie required temporal coordination for
a walk.

An initial repertoire of motion primitives is proposed astarng point in the locomotor abilities
of the robot, presented as a set of simple motions which deetatlproduce goal-oriented walking.
The main idea is that the motion primitives can be combineduenced and scaled, depending on the
desired locomotor behavior. Despite the simple repreientaf the motion primitives and the possible
final motor patterns, the approach has been demonstratedapgiicable to goal-oriented locomotion
in a ball following scenario, and in more complex scenaridgci also required the simultaneous
execution of other tasks.

The idea of having motion primitives which can be generdlizzaled and modulated depending
on the desired locomotor behavior has been demonstratee poaltical, but within a limited scope.
For instance, one could think that by increasing the angiitof the stepping motion, the robot would
produce enough vertical clearance to step on stairs, deegain this fashion the ability of walking
forward, to the ability of climbing stairs. In this case, flobot is indeed capable of clearing the stairs’
height by increasing the flexion motion, but the act of clingbthe stairs requires careful displacement
of the body’s weight, which is not considered in flat forwardlking.
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Performing all biped locomotor behaviors is not possiblielgdoy generalizing the basic motor
repertoire here proposed. To perform other locomotor Hergvsuch as stair climbing or walking on
slopes, the improvement and expansion of the motion priestrepertoire is required, as initially in-
tended when the approach was proposed. The aim is havinggetiorming a basic walk, facilitating
the task of policy exploration methods such as recent regefoent learning methods, POWER [113]
andPI? [212]. The question is: to what extent can these methodoexphe policy space through
interaction with the environment and learn new, and vertirdis motor behaviors? This question has
been preliminarily addressed by Teixeira et [al. [211], vtit goal of improving the robot’s walking
velocity by adding DMPs on the compass motion primitive, asthg POWER to explore the DMP
policy, rewarding the trials with greater performed vetypci

A phase regulation mechanism is proposed with the goal dberg feedback mechanisms which
influence and adapt the centrally generated motor patteitis,the aim to reject disturbances while
walking. Phase regulation and phase resetting are popgalbfick mechanisms in CPG based solu-
tions, adding robustness to the walking behaviors. Sinmudatof simple planar bipeds have employed
phase resetting, providing robustness against small pust@ease in mass and small slope§|[5, 6]. In
real biped robots it increased the robustness againselingkternal forces pushing on the robot and
adapted the walk for different friction surfacées [149].

The experimental results obtained with the employment ®fiitoposed phase regulation feedback
indicate an adaptation of the walking behavior, the regpiadf the temporal reference and shaping of
the final motor patterns. This adaptation allowed the robédc¢kle slight unperceived perturbations in
terrain inclination, preventing the tumble of the robot whealking in up and down slopes.

Itis unclear, however, if it should be expected to have adeoacope on the abilities of disturbance
rejection by employing the phase regulation mechanisni$ttoe obtained robustness is limited by the
nature of the high gain position control of the robot, or ottfearacteristics of the platform, such as the
big flat feet.

The usefulness of the proposed CPG, on producing walkingvi@fs in more realistic scenarios,
was investigated within a whole-body control frameworkm8lated scenarios demonstrate the fea-
sibility of using the CPG as a walking generator task, sufodlg substituting typical model based
methods, as the ZMP based walking generator. Results haverdérated that the CPG is able to pro-
duce goal-oriented walking controlled in real-time, evdrew used simultaneously with other working
tasks. After a more careful and objective evaluation of titeireed performance by the CPG and mo-
tion primitives, the lesser performance in stability anel éixhibited oscillatory progression is apparent,
due to the lack of accurate control of the COM, even with the afsthe COM task. The use of the
ZMP method with predictive control achieves a smoother masgjon of the robot, especially when
performing tight walking maneuvers and performing simmgiaus tasks which alters the dynamics of
the robot.
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CHAPTER O

REFLEX-BASED QUADRUPED WALKING

The organization of the neural mechanisms for the generatfarhythmic motions, fundamen-
tal to locomotion, had two prospective explanations in thgibning of the 20th century [27]. One
idea, by Charles S. Sherringtdn [34], defended that rhytboutd be the result of a chain of reflexes
triggered and governed by external sensorial events, piaglihe final rhythmic locomotor activity.
The other explanation, by T.G. Brown proposed the generatichythmic activity as a central neural
process|[[27], not relying on external sensory events torgémehe rhythmic activity for locomotion,
bringing the conceptual idea of a CPG, granted by furthexaieh and evidence as discussed in sec-
tion[2.2.

Even though locomotion is a centrally generated processintportant role that sensory feedback
plays in the adaptation and correction of legged locomasamarguable. It has been shown that the
CPG and locomotion generation is highly integrated and nldgat on feedback pathways. For instance,
it has been demonstrated [176] that stimulation of sensfieyemts can elicit locomotion, sensory
events can adjust the duration of the rhythmic activity aedssry removal deteriorates locomotor
abilities, such as precise foot placement.

Also studied in the last decades, is the importance of thénemécal characteristics on the achieve-
ment of locomotion. Passive mechanisms have been made koawdlrun, only pushed forward by
gravitational or elastic energy, exploiting concepts othamnical self-stability[[140]. Without a walk-
ing controller, these mechanisms are able to walk relyinglgon their characteristics and their in-
teraction with the environment. Furthermore, locomotias hlso been achieved by the application of
simple sensory driven reflexes rules, both in simulatiorgsiamobotic platforms([42, 67, 68].

All these aspects evidence the fact that locomotion geinearet much more complex than a simple
feedforward process of muscle activations. Despite muskareh on the topic, it is still not clear
how CPGs and spinal mechanisms are neurally organized amdhey are integrated with feedback
pathways. The relative roles in the interplay between th& @fedforward generation are also largely
unknown, the feedback pathways and the mechanical s&imlizfor control of locomotion.

Arthur Kuo [116] discusses the relative importance of feedird and feedback, and their prospec-
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tive roles on the control of rhythmic movements. He hypattessthat the primary advantage from the
existence of a central rhythmic generator is in the prongssi sensory information for use in feedback,
instead of timing control. This hypothesis suggests th@QRG has a role as a spinal processor within
the feedback loop, correcting imperfect sensory feedbadkadapting peripheral inputs and feedback
pathways. Kuo argues that the relative role of feedforwandi faedback components depends on the
relative significance between unexpected disturbancegmgretfect sensors.

In this chapter are presented the tentative steps in ergldhis idea of the CPG as a regulator for
a reflex chain network. The goal is not to propose or study dical plausible model of the CPG or
of the reflex network. The goal is to explore the idea of the GB@ possible endogenous rhythmic
internal model which governs the reflex network, either bydalating the reflexes, determining the
activated feedback pathways, or serving as an internal hoddee expected sensory information.

In the following sections is presented a survey on works tvhichieve walking through the reflex
based control, and the respective applied reflex mechani$hmsse mechanisms are summarized and
implemented in a sensory driven reflex controller which aionsontrol the walk of a quadruped robot.
The goal is to accomplish a parsimonious controller, rggprio a minimum number of reflexes to
produce a successful walking behavior. How the CPG couldtegiated with the reflexes and improve
the walking behavior is discussed after demonstrating tiktyaof the proposed reflex network to
produce quadruped walking.

6.1 Related works

In this section are surveyed some works in computationallsitions and robot locomotion which
use purely rule based or reflex based generation of locomotio use CPG generated locomotion
and apply reflexes to tightly regulate the rhythmic activitp compare, some works which use CPG
generated locomotion augmented with corrective reflexesiap mentioned.

One of the earliest works accomplishing rule based locanaiemmed from the research on the
locomotion of the stick insect, by Cruse et al.[[42]. Sevenabels have been proposed with the goal
of understanding the biological control of locomotion isécts, to the building of low computational
demanding locomotion control for walking machines. Crusmekta set of six rules defining the in-
teractions between legs, based on the observation of Iatmmon the stick-insect, and designed a
locomotion controller that later was used to control a hedambot [42]. A leg controller consists of
three parts: the swing net, the stance net, and the selesttovhich determines whether the swing or
the stance net can control the motor output, and it uses iseimguts from joint position and velocity
and four sensory inputs signaling obstructions during wieg. The designed controller is considered
as a distributed controller of six leg controllers, cooedad through the six rules:

In work of Worgotter et al. in 2005 [66] a purely reflexive caniter generates the walking of a
planar biped robot. The simple reflex network is divided iatiop level and a bottom level, encoding
the locomotor reflexes in the connections between the sgmseints and motor interneurons. These
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Table 6.1: The six rules based on stick insect locomotiohénwork of Cruse et al.
| Action | Description Goal |

Suppress lift-off caudal leg swing inhibitionn avoid static instability
while rostral leg is performing
swing

Elicit earlier protraction rostral excitation of swing favours temporal coherence
when caudal leg begins retrac-
tion

Enforce late protraction caudally influence dependingmaintain temporal coherence
on position of the leg

Aim touchdown location legs to be placed in similar lo- exploit prior foothold location
cations of the fore legs

Distribute propulsive force increase in leg load causesshare the load efficiently
other legs to prolong stance

Enforce correction step becomes active if one leg stepavoids stepping in the rostral
of the neighbour leg leg

connections are summarized in taple] 6.2. The top level imptgs the network which encompasses
hip stretch receptors, ground receptor and interneura@porssible for integrating these receptors. On
the bottom level are implemented the motor neurons and @igte sensor neurons. The interneurons
are implemented as leaky integrators, and sensory resegeaigmoid functions with parameterizable
gain and bias.

Table 6.2: Reflexes encoded in the network in the work of Wibegé@t al. [66].

| Sensory event | Action
Ground contact contralateral knee flexor and hip extensor excita-
tion
Ground contact ipsilateral knee extensor and hip flexor excitation
Anterior extreme position (AEP) ipsilateral knee extension excitation
AEP ipsilateral knee flexion inhibition

The work was later extended [67]. A very similar controlieapplied, but two parameters defining
the AEP at the hip joints and the gain of the motor-neuronsipridints are learned on-line to reach
faster velocities. Besides the reflex network, Manoonpd&€] proposed a body control mechanism
that moves a mass to control the balance during the walkpgetn an infrared sensor to detect a white
ramp, while the postural response is learned on-line.

Geyer demonstrated that it is possible to accomplish lotimmdn a biped musculoskeletal simula-
tion [68], by having a set of reflexes which exploit the priies of legged mechanics. Simple reflexive
positive and negative feedback loops control muscle agtigpecific for each step phase, swing and
stance, identified by the existence of ground contact. Fdaite, in the stance phase, a positive force
feedback loop is used to achieve compliant behavior of peAéhough very relevant and interesting,
it is possible that most reflexes would not translate welhtogresented abstraction.
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Ekeberg in 1998[[218] developed a single leg walking simagtusing a Neural Phase Genera-
tion (NPG) and a system of fast feedback pathways, adapded drmodel used for the simulation of
swimming lamprey [55]. The NPG is implemented using neuaskeaky integrators, divided into four
phases: touchdown, propulsion, lift-off and swing. Eacthefphases activates the respective excitatory
and inhibitory interneurons that activate the extensorfEmxar muscles. This description of the state of
the leg sets the appropriate feedback pathways, which bettediability to correct any inconsistencies
in the afferent input. Sensory feedback influence diredtly ttansition in the activity of the NPG, it
influences the activity of the motor interneurons and thpeetve motor activity, and also entrains the
NPG. A summarized description of the reflexes and their tffare presented in table. 5.3.

Table 6.3: Feedback mechanisms employed by Ekeberg [218]

| Sensory event | Action \
Reaching AEP (anterior extreme position) excites transition to touchdown
Reaching PEP (posterior extreme position) | excites lift-off
Ground contact on touchdown excites the transition from touchdown to propul-
sion
Ground contact on lift-off excites the transition from lift-off to swing

Using a similar NPG, Ekeberg and Pearson studied the roleecgénsory information in the regu-
lation of the transition from stance and swing. Their goas$ Wwainvestigate the relative role of the two
sensory inputs in the regulation of the transition: the igla and the ankle loading. In a simulation of
the cat hind legs, muscle activation is controlled in a sege®f four states, lift-off, swing, touchdown
and stance. The transition between the four states is gegdiy sensory information related to leg:

e Swing - transits to touchdown after hip and knee reach aioatgle value.

Touchdown - transits into stance after the leg establishmsngl contact.

Stance - transits into lift-off after reaching a certain hipgle, and/or the unload of the ankle
tendon.

o Lift-off - transits into swing after loss of ground contact.

Authors conclude that coordination of the stepping dependsad information of each leg, and that the
mechanical connection between the hind legs mediated Ryahsition mechanisms, play a significant
role in establishing the alternating gait.

The same ideas presented in these works are used by Maufaby|E34] to implement a walking
controller for quadruped musculoskeletal model of the #omd hind legs. The four NPGs previously
employed are reduced to only two in this work, digensor modulend oneFlexor module In this
work they extend the controller, subdividing the differgratrts and improving the adaptive stepping
motion. By having only two NPG states, four synergies arel uggproduce muscle activatiolift-off,
swing touchdownand stance activated and timed in relationship to one of the NPG staiesom-
bined with sensory events such as foot placement. Simiéexihe other exposed works, the controller
relies on sensory information related to hip angle, AEP aB&,Rs well as leg loading, to regulate
the transition between the step states of the NPG. This gsenmdormation is input into the NPGs,
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inhibing/exciting the transition between Flexor and Extmmodules, and into the synergies, serving
to regulate the stretch reflex and load compensation fe&dl@ar receiving a tonic input and drive
rhythm of the NPG, a mechanism is employed in the proposettaitan, thepropulsive force control
module

Lewis et al. [112] study a neural architecture of the CPG weftexes, employed in a model of the
human lower body, as a planar biped robot implemented wittore@nd straps mimicking the human
leg muscles. The proposed CPG has four central neuronsoimgrhip extension and hip flexion,
receiving sensory information from ground contact, loadsse and hip position. The lower limb is
controlled by the phase of the step cycle and the hip angokitipn. The CPG produces the rhythmic
activity for the hip, and simultaneously modulates thevétgtiof the reflexes which govern the muscles
in the knee and ankle. The interaction between the refleesySEPG and body dynamics produces an
entrained walking cycle. Authors argue that the CPG helsabilize the gait against perturbations,
when comparing to a purely reflexive system.

In other works, reflexes are used as fast, involuntary astinggered by sensory events during a
certain state of the step. For instance, in the work of Kinaurd Fukuokal [110], CPGs implemented
as a Neural Oscillators produce the step rhythm which isddiyiinto three statedift-off, swingand
stance For each of these states, a reference joint position anddhi3 gre obtained from a lookup
table. Then, several reflexes were proposed to correctappiag motions in case of disturbances. The
proposed reflexes are presented in table 6.4.

Table 6.4: Corrective reflexes from Kimura and Fukuoka [110]

| Reflex | Trigger | Step phase | Description \

Flexor reflex collision swing Enhance flexion during swing upgn
with obsta- touching an obstacle, to prevent stum-
cle bling

Stepping reflex forward swing adjustment of touchdown angle of |a
speed swinging leg

Vestibulospinal body pitch | stance shortens/extends the legs in the sagittal

plane to control the pitch angle
Tonic response roll stance and shortens/extends the legs in the frontal
swing plane to control the roll angle

Sideways stepping| roll swing Yaw joint proportional to roll

Corrective stepping loss of | swing at the end of swing, extends the leg fur-
ground ther if it does not touch the ground as
contact expected

Crossed flexor ground con-| swing higher swing in contralateral leg due {o
tact of con- excessive yield
tralateral leg
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6.1.1 Summary of reflexes

Most of the presented works on reflex based locomotion ardemmgnted in simulation, using
models of musculoskeletal fore and hind legs, with the smtuproducing muscle activations, or the
torques to be applied at the joints calculated from the muoskaletal models. Only the work by H.
Cruse and the work by Worg6tter are applied to rotationatrotied DOFs in robots. In the case of
H. Cruse the generator outputs the joint velocities for iveapod robot, and in Worgétter's work, the
locomotion generator outputs motor voltages for the bimdxbt.

However, in all these works three sensory events are usegdert locomotor actions (reflex based
walking) or regulate the rhythm activity of the CPGs. In coomis the use of the angle of the hip joint,
indicated by the AEP and PEP signals, regulating the timfrilgeostance and swing phases. The signals
indicating ground contact from foot sensors are also ugeglen leg load, used to inhibit the transition
from the stance phase to the swing phase. Here a summary aifftbees is presented, which tries to
abstract from the implementation details and how they asgited in the controller, concerning only
to a general description of the sensory-action effect.

e Hip reaching the Anterior Extreme Position (AEP) initiatie® stance phase by eliciting the
extension of the leg.

e Hip reaching the Posterior Extreme Position (PEP) inisidke swing phase by flexing the leg.

e Unload of the leg elicits, or allows, the swing phase.

e Ground contact promotes the stance, or reinforces starzyioe

e Contralateral ground contact promotes swing, or lack otreteteral ground contact inhibits
swing/lift-off phases.

6.2 Modeling and implementation

The proposed reflex system controls a quadruped robot wiitigmo controlled hips and retractable,
passive compliant knees. Some assumptions on how to brendithogical reflexes’ to the current
abstraction are here clarified.

Itis assumed that the final trajectories are not previoustykn, and should result from the interplay
between the motor actions and the sensory information. Tdiking behavior should be an emergent
realization of motor actions reflecting the general rulesraded in the reflexes, and not a result from
strict tracking of a predefined desired behavior.

Some of these reflexes express motor activities as a consraadivity depending on sensory infor-
mation. e.g. ground contact promoting/reinforcing th&sgaphase of the step. It is therefore assumed
that joint velocity is the best abstraction for the outputhed system based on the reflexes described
in section[6.11. Reflexes reflect a set rate of change dependesensory information, producing
motor actions while a determinate sensory condition is ta@ird, or mimic positive feedback mecha-
nisms found in the motor control of animals. This assumpéiotepts that joint positions change while
necessary, and sensory events determine the final outjrdtingy.
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It is considered that one step cycle is divided into four mations:

1. Lift-off - reduction of the leg length by flexing the knee.

2. Swing - bring the leg forward by acting on the hip.

3. Touchdown - having the leg in the rostral (to the front)ifims, increase the leg length to support
the foot on the ground, by extending the knee.

4. Stance - propulsion of the robot by acting on the hip.

These motor actions are not mutually exclusive in time, f¥aneple, the swing action could be executed
just after lift-off has started.

The position controlled joints track the position as intdgd from the reflex system output in joint

velocity, :

e Hip joint: 4, joint position, 8y, joint velocity

— By specifying a positive velocity for the hip joint, the legoduces the motion of propulsion,
reflecting the hip action in thstance

— A negative velocity for the hip joint transfers the leg to fhant, reflecting what happens in
the swing.

e Knee joint: § joint position,d; joint velocity

— A positive velocity in the knee flexes the leg and decreasetethlength, achievinlift-off .

— And a negative velocity in the knee releases the springnditg the leg, achievintgpuch-
down.

These motor actions are implemented by assigning fixed odtesange, activated by discrete neu-
ron activations from a reflexive network dependent on sgnsormation. The joint output is given
by:

Hh = OhUstance — TYhUswing (61)
ék = - (akutouchdown - r)/kuliftoff)
(91(7(_)1(,max)2

+ glim(ek - ®k,max) expi 202

(9k*@k,min)2

+ glim(ek - Gk,min) eXpi 202 (62)

whereu are the neuron activations of the described actians (0, 1]), anda and~ are the fixed rates
of change for hip and knee joints. To limit the range of atfiwin the knee, due to its limited range
of action, two additional joint limiting terms are include®arametep;,, defines the strength of the

repeller,o the width of the repeller, an@y ,.x andOy ,,;, the maximum and minimum joint limits of
the knee, respectively.
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6.2.1 Neuron model

The reflex network is based on the neuron model used by Ek¢s}arepresenting a population
of functionally similar neurons and outputting a mean firireuency.

f+ = % Z ujw; — &4 (6.3)
’iET+

== D uwi — & (6.4)
€Y

Eq. (6.3) and eq[(614) are simple leaky integrators whicteha single neuron, with a time constant
7, and a set of excitatoryX(, ) and one set of inhibitoryX{_) connections, weighted by the parameter
w. The output of the neuron is given by efg. (6.5), reflecting amfé&ing rate, between 0 and 1. The
activity of the neuron is characterized by its g&iand the activation thresholé.

1-— S ) — &, if positive
. exp((@—&4)I) = ¢ p (6.5)
0, otherwise

6.2.2 Sensory inputs

The sensory inputs to the reflex network translate sensamytgwased on the leg’s proprioceptive
information, such as leg joint position and foot force:

e Anterior extreme position - sensory signal becomes adtiigiexceeds AEP angl® rp
e Posterior extreme position - sensory signal becomes attive exceeds PEP angl@prp
e Ground contact - sensory signal becomes active if touctefsensor exceeds a small threshold

These sensory events are detected through the logistitidonia egs. [6.6)(617)(618), activated
(= 1) when the sensory value crosses the defined threshold. Ebrleg there is a set of sensory
inputs:

1
YAEP = 1 + ¢~ 0(0h—OaEpP) (6.6)
1
UPEP = 1 4+ eb(0n—OpEP) (6.7)
1
uGge = (6.8)

B 1 —|— eb(Fthresholdthouch)

6.2.3 Reflex network

The three sensory events are assigned to the neuron inpiais gdvern the motor actions.
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A single leg is controlled by four neurons, which determime activation of the four motor actions.
Two motor actions are assigned to the hip joint, each godebyeone neuronswing andstance The
other two motor actiondift-off andtouch-down are assigned to the knee joint.

Based on the description of the reflexes in sedfion 6.1.1lnthtee sensory events, the following
behaviors are encoded in the reflex network as excitatoryrdnilitory connections:

e Hip reaching AEP elicits the touchdown action on the kn&e: (ouchdown,i > {uarp;} and

WAEP, touchdown,i = 1

e Hip reaching AEP inhibits the continuation of hip protracti Y_ cying: O {uagp,} and
WAEP,swing,i — 1

e Hip reaching PEP elicits lift-off, making the knee fléR: jiorr s O {upgp,i} andwpgp liftofr,i =
1

e Ground contact elicits and reinforces the starfe;siance,i O {ugc,i} andweac stance,i = 1

e Lack of ground contact elicits the protraction of the Hip; swing; O {(1 — ugc,)} and

WGC,swing,i — 1

These connections are depicted in 6.1. This simple refdtwork is enough to produce stepping
motions in a single leg.

Sensory events

Hip L

Knee

Figure 6.1: Reflex network governing a single limb. Groundtaot (GC) excites the stance and the
lack of ground contact excites the swing of the hip. The hgzhéng AEP inhibits the swing on the hip
and excites the liftoff on the knee. Reaching PEP exciteéfthaff of the knee.

Contralateral coordination

Although independent leg reflex networks produce altethstepping in a girdle, the addition of an
inhibitory contralateral connection imposes strict alsgion of step phases, preventing the execution of
simultaneous swing motor action on contralateral legs.

The inhibitory contralateral connection comes from theti@ateral ground contact sensor input,
to the lift-off motor action in the knee (fif. 8.2):
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e Lack of ground contact in the contralateral lgg, (nhibits the initiation of the lift-off (in leg):

T _ittoft,i O {(1 — ugc,;)} andwgc lisos,j = 1

O

Hip feh Knee
0 @

o}()
O

h Knee

Hip %

Figure 6.2: Added contralateral connection meant to actismptrict contralateral coordination. The
lack of ground contact inhibits contralateral touchdowrtloaknee.

Ipsilateral coordination

Ipsilateral coordination can be achieved by applying aibitdry connection when a strict alterna-
tion of ipsilateral legs is desired.

e Lack of ground contact in the ipsilateral leg)(inhibits the initiation of the lift-off (in leg:):

T _jitoft,i O {(1 — ugc,o)} andwga,liftoft,o = 1

This inhibitory connection (fig. 613) is applied with the gjofpreventing the execution of the swing
motor action in ipsilateral legs, as in a pace gait, and iramne phase relationship in ipsilateral legs
to achieve walk or trot gaits.

6.3 Simulations

In this section are presented the results from simulationdhe reflex network applied to the com-
pliant quadruped robot Oncilla. The Oncilla is a small quged robot, with pantograph, three-segment
leg design, providing passive compliant behavior to thdecdliven retractable knees. The movements
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Hip 0 Hip

Fore Right s evenss

FOI‘e Left Sensory events

]

¥ 0

Hip

Figure 6.3: Meant to prevent the execution of the pace gaipsilateral inhibition is added, relating to
the lack of ground contact.

of the leg on the sagittal and frontal plane are actuated bitipo controlled servos. Pertaining videos
are available atit t p: / / asbg. dei . unmi nho. pt/user/ 1.

The reflex network is parameterized empirically and basedtar works[[134, 218]. The experi-
ments are divided into three experimental setups, for aierestsidy and parametrisation of the reflex
network. The first two experiments only concern the emplayinué the reflex network on a single
girdle. On the first experiment it is only considered the empplent of the reflex network on the hind
legs, with the robot supported on the front by two fixed whedth the same width as the fore legs,
such that only the hind legs propel the robot and slightlyst@ining rolling motions (fig_6l4). The
second experiment presents a similar setup as the first,pplied only to the fore legs, while the
back of the robot is supported (fig._6.8). On the third expernitrit is intended to accomplish the full
quadruped walking, by using the empirical insight from thevipus two simulation scenarios on the
full quadruped reflex network (fig._6.112).

As far as startup conditions are concerned, the joint postare established such that the contralat-
eral limbs are at the AEP and PEP positions, and initial neaxdivities are set to the respective step
phase.

6.3.1 Hindlegs

Here the simulation results from the reflex network appliely to the hind girdle are demonstrated.
First it is explained how the sensory events trigger the ercgl of reflexes which produce the motor
actions, followed by a short comparison between the resbitgined from the two sets of parameters
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Figure 6.4: Snapshots from simulation depicting the fouioas of stepping. Left leg: 1- stance, 2-
lift-off and swing, 3- swing and touchdown, 4- stance.

values presented in talle 6.5. This simulation aims to yéfithe reflex network is able to produce
stepping behaviors, and gain insight for the applicatiothefreflex network to the quadruped robot.

Table 6.5: Neuron parameters and joint output parametetsrid leg simulation.
| [ T [r[O]

liftoff 001/01]|1

stance | 0.01| 0.1

touchdown| 0.01 | 0.1

swing 0.01|0.1

‘ | ©aeP | OpEP | Fihreshold | on | | ax [ |
setl| 10 0 1 50 | 300 | 300 | 500
set2| 10 0 1 100 | 300 | 300 | 500

e

Fig.[6.3 and fig[ 616 depict the activity of the neurons andréspective motor output in the two
hind legs simulations. It is possible to analyze in theseréigunow the chain of reflexes produces the
motor actions.

Consider the left panels on fig. 6.5 and fig.16.6, depictingiihd girdle simulation withw, = 50.
Initially the stanceneuron is active isiance, ir, = 1, dashed line in fig_6]5) due to the existence of
ground contact.cc ur,, producing a constant propulsive motion in the hip. After kiip angle reaches
the PEP valueuprp 11, = 1), thelift-off neuron is activatedu;sof mr., solid line in fig[6.6), producing
a flexion motion of the knee, shortening the leg’s length ditidd the foot from the ground. The lack
of ground contactcc,ui, = 0) activates theswing neuronugying 11, (dashed line in fig._6]5) which
produces a flexion motion of the hip, transferring the leg tosdral position. After reaching the AEP
value @arp ur, = 1), theswingneuronugying, ur, (solid line in fig[6.5) is deactivated halting the motion
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of the hip, and the touchdown neurep,,chdown, 111, (dashed line in fid, 616) becomes active, producing
the extension of the knee and the consequent foot placeresitas the foot regains contact with the
ground (iswing,u1,), the stanceneuron becomes active and produces the propulsive motistan€e.
The sequence repeats onwards, producing the stereotypahmof walking.

The neuron activations and motor output of the second hirdlegsimulation withay, = 100 are
depicted on the right panels of figs. 6.5 6.6. Despite dneessequence of reflexes and motor
actions, it is possible to observe a distinct motor outpleglgdoy changing one motor gain parameter.
In terms of reflex neuron activity, one striking differensetie delay on the activation of thiétoff
neuron {u;gof, 1ir,, SOlid line in fig[6.6) with respect to the ipsilateral eation of upgp ui,, due to the
lack of contralateral ground contaet{c yr = 0).

The motor output is also quite distinct. By using a larggrin set 2, the motor action of the stance
phase is executed with an increased angular rate of chaegdting in faster stance movements and
greater amplitude of motions in the hip and knee joints, afatger step length. Notice that the hip
extension well exceeds the defined PEP value.

Despite only changing one parameter relative to the angaterof the stance phase, the obtained
walking pattern has changed considerably. Eig. 6.7 presbetobtained stepping sequence in the two
simulations, presenting an alternating walking pattetris bbservable an increase on the performed
velocity, and a decrease on the duty factor. However, thee@se of the velocity results from the
increase of the step length, and not from the decrease offalctiyr or step period like typical animal
locomotion. The step period increased, due to the increfabe swing duration, maintaining the stance
duration.
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Figure 6.5: Neuron activity and motor output for the hip joiResults from parameter set witly = 50
are on the left, and witly, = 100 on the right. The first row presents the resulting motor outpu
the hip joint, dashed lines are the reference values, the lsms the produced joint values, and dotted
lines represent the AEP and PEP values. In the second radlis@ls representsiance nr, and dashed

liNes ugwing,HL- Ustance, HL IS ACtive as long the sensory neurefc ur, is active. ugying 11, IS active
until when the hip hasn't reach AEP and there is not groundambn
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Figure 6.6: Neuron activity and motor output for the kneafjoi Results from parameter set with
an, = 50 are on the left, and witly, = 100 on the right. The first row presents the resulting motor
output for the knee joint, dashed lines are the referenagesathe solid lines the produced joint values
and dotted lines represent the AEP and PEP values. In thedeow, solid lines represemd;sos mr,
and dashed lines,ychdown HL- Th€ NEUrOMuiychdown,HI, IS activated when the hip reaches AEP.
wiftoff, 11, IS activated byupgp 111, and inhibited by the contralaterak,c pr.
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Figure 6.7: Stepping sequence of the hind girdle simulation
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6.3.2 Forelegs

Figure 6.8: Snapshots from the simulation on the fore le¢ye Sequence of actions on the left leg: 1-
swing, 2- touchdown, 3- stance, 4- lift-off.

Similar simulations were performed for the fore girdle (@), with the same parameter values as
for hind girdle (table[_616), yielding distinct behavior eicomparing to the hind legs.

Table 6.6: Neuron and joint output parameters for fore legutation.
| [ - [T ]®

liftoff 001|011

stance | 0.01| 0.1

touchdown| 0.01| 0.1

swing 0.01| 0.1

| ©agp | OpEP | Fibreshold | an | | o | m |
15 | 5 | 1 |60]|500]300]500]

N

Fig.[6.9 depicts the neuron activity and motor output from hiip joints, and fig. 6.10 depicts the
activity and motor output from the knee joints. A strikingfdience when comparing to the hind
simulation, is the excursion of the joint well beyond the A&RI PEP values (fig._8.9).

Consider the results from the left leg. Initially the lefglproduces no motor action, because the
ground contact which activateg;.n.. r1, hasn’'t been observed. When the foot is placed on the ground
Ustance,F1, IS activated and the hip joint propels the robot. When thephigses PEP anglefgp rr = 1)
and the contralateral leg is placed on the groungi(rr = 1), theliftoff neuron produces the flexion
of the knee, releasing the ground contact, activatingsthiegneuron, producing the swing movement
in the hip. The swing movement is halted after the hip havearhed AEP, holding its position until a
new ground contact is detected,,chdown, 1. IS @lS0 activated and the leg is stretched.
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Figure 6.9: Neuron activity and motor output for the hip jsin The joint reference values are the
dashed lines, and the performed joint movements are the lswdis (top row). Dotted lines represent
the AEP and PEP valuesanc.; is represented with solid lines amng;,g ; with dashed lines.

The obtained stepping sequence is presented infig. 6.11robbewalking on its fore legs achieves
a velocity of 0.11 m.s!, greater than the 0.09 n1.5 obtained in the walk with the hind legs and
employing the same parameter values. The stepping pastaisd alternated, with a lower duty factor:
0.55 in the fore legs and 0.8 in the hind legs; larger swingtiom: 0.85 s in fore and 0.11 s in hind
legs; and stance duration: 0.85 s in fore and 0.75 s in hirgl.leg
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Figure 6.10: Neuron activity and motor output for the kneaatg Joint reference values are depicted
by dashed lines and the performed knee joint angles by sobd.lw;of ; is represented with solid
lines anduouchdown,; With dashed lines.
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Figure 6.11: Alternated stepping sequence obtained frenfidite girdle simulation.
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6.3.3 Fore and hind legs

Figure 6.12: Simulation of quadruped walking using the refietwork.

The current simulation addresses the full quadruped walikiguboth fore and hind girdles. The
previous two simulation scenarios served to demonstratetitained motor behaviors when employing
the same parameters from the two independent girdles. Wighrtsight the parameter set for the gull
quadruped scenario was established. The parameter sehfg@sn tablé 617 accomplishes stepping
motions of the legs while propelling and maintaining theatshbalance.

Table 6.7: Neuron and joint output parameters for fore legutation.

| [T [O]

liftoff 001011

stance | 0.01/0.1| 1

touchdown| 0.01]| 0.1 | 1

swing 001{01| 1
\ | ©aep | OpEp | Fihreshod | on | m | ok [ m |
Fore| 15 5 1 50 | 300 | 300 | 500
Hind 10 0 1 50 | 300 | 300 | 500

The obtained motor behavior can be said to resemble a wadkjtdehe lack of a constant periodic
pattern, as observable in fl[g. 6113. From the stepping sequéis possible to ascertain that the robot
performs a walking behavior which resembles a mix betweeatand a diagonal sequence walk. The
stepping sequence also evidences an asymmetry along fittalgalgne, concerning the fore legs. In
the fore girdle, there is an asymmetry in duty factor, witle d&g having a greater support duration,
randomly alternating between the right fore and the left fon fig.[6. 1B at around 25 s and at 55 s it is
noticeable this asymmetric pattern (red boxes).
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Despite a not ideal stepping sequence pattern, the robexdtiefily propels itself forward while
maintaining an upright posture, without falling over. It@gen resilient to falls in certain parameter
configurations. The robot may stumble and delay a step, leustdpping movements elicited by the
reflexes make the robot regain stability again.

Figure 6.13: Stepping sequence from the full quadrupedallsition.
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6.4 Remarks on reflex-based quadruped walking

In this chapter was proposed and tested a reflex network éowgiking of a compliant quadruped
robot. The parsimonious reflex network is able to generateqaience of motor actions triggered
by external sensory events, accomplishing stepping matoawors. Although capable of generating
qguadrupedal stepping behaviors, the final stepping sequeattern is not consistent and periodic.

When tested independently fore and hind girdles producessindilar expression of the stepping
patterns, and no set of parameters would produce similppisig behaviors for the fore and hind legs
in terms of duty factor, step period, stance and swing dumati

The range of possible parameter values was also much largargle girdle setups, with the ability
of producing high velocities and large step lengths. Sutitisns were not possible in the quadrupedal
scenario, resulting in a loss of balance and fall. Howewetgrtain quadrupedal scenarios with appro-
priate parameter values, it was observed that the robontezquite resilient to external disturbances,
such as small ramps and random height terrains.

The final exhibited posture on the quadruped robot is a restiie overall walking pattern and the
interplay of the reflex chain and sensory input. It is not gaedo specify a reference walking posture
with the current approach, as the final motor behavior is atihdd.

So far in the current implementation, the reflexes are alveaygbled and are not phase dependent.
Because there is no control of the current state within actele, the sensory events can influence the
leg behavior in any moment of the step cycle. This ability rbayrelevant when considering certain
phasic feedback mechanisms, such as corrective stumislshgtapping reflexes.

Also relevant, is the inclusion of other sources of sensofgrimation, such as roll and pitch of the
body, and leg load information. The inclusion of these feetitpathways could produce more adequate
motor actions and contribute to the maintenance of postutecampensate external disturbances.

6.4.1 Integration of the reflex network with a CPG

The original aim concerned with the exploration of an aliike role for the CPG, acting as a reg-
ulator, or supervisor of the sensorimotor processes of@iotor reflex network. This role can either
be achieved by modulating the reflex magnitude, reflex agtand the respective feedback pathways.
The CPG could alternatively serve as a possible endogehgtiamic internal model, acting as a pre-
dictor of the expected sensory signals or the state. It cevdth have a role within the feedback loop,
correcting imperfect sensory feedback and adapting pergblinputs and feedback pathwalys [116].

The walking performance of the proposed reflex network issatisfactory in the sense that it does
not produce a consistent locomotor pattern. It also doeslf@t the modulation of walking behavior,
lacking the mechanisms for changing rhythmic activity aedgrming more complex walking behav-
iors. The improvement of the reflex network was not soughtabse its performance serves the initial
goal of having an initial reflex network as a starting pointtfee integration of the CPG.

The proposed reflex network clearly presents some limitatiexacerbated by the lack of a well-
defined step phase. The inclusion of a CPG can address tisess,i®.g. producing a reference step
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phase, used to modulate phase dependent corrective redlesteas stumbling correction.

In fig.[6.14 are represented three new conceptual suggsstiomow the CPG can be integrated
with the reflex network. All three suggestions are altexgatormulations of the CPG, where the CPG
does not produce directly a motor output, but instead acts m®cess supervisor, entrained by the
dynamic interactions between the body and environment.

These approaches are meant to differ from others, wherePRi@ ffoduces the final motor output
which is then corrected by a set of reflexes [110], or whereQR& produces the motor output of
proximal joints and then modulates the reflex circuits ofdrstal joints [112].

1)

>
Reflexes Reflexes '

Reflexes < A A Corrective
actions

A A
] L 2y
Robot

Y

Robot

A

Robot

Environment

Environment Environment

(a) CPG as modulator of the reflex netwotk) CPG as forward model, receiving inform@) CPG as an inverse model. Entrained by

The entrained rhythmic activity of the CPi@&n from the motor actions and the robot isensory information and the interaction with

establishes the step phase, and the CPGtezgetion with the environment, and outputtitige environment, the CPG establishes the phase

ulates the activity if the reflex circuits.  predicted sensory information to the reflex netthe step cycle and outputs the expected mo-
work. tor actions.

Figure 6.14: Suggested approaches for the inclusion of B8 Within the reflex based solution.

Fig.[6.14(a) depicts the CPG role producing a feedforwardutation of the reflex network. The
CPG receives sensory information about the robot’s stadketla body-environment interaction, en-
training the CPG rhythmic activity with the exhibited motmehavior of the robot. The CPG produces
a rhythmic modulation of the reflex network, governing thtvéty of reflexes’ sensory pathways, con-
trolling phasic reflexes, mediating the sensory infornmratidhich elicits the reflexive actions, and even
modulating motor gains.

In fig.[6.14(b) the CPG acts as a forward model, filtering amt@ssing sensory information. The
rhythmic of the CPG is entrained by the input signals retatio the motor state of the robot and
its interaction with the environment. Sensory informatistiltered and compared with the expected
output from the CPG, and is then input to the reflex network.

Fig.[6.14(c) depicts the CPG as a predictor of the motor adtpm the reflex network, building an
inverse model of the sensorimotor interactions. The CP@Gtisimed by sensory information and the
interaction with the environment, and establishes the g@léshe step cycle and outputs the expected
motor actions. The predicted motor actions from the CPG amgpared with the motor output from the
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reflex circuits, eliciting corrective motor actions wheredeed necessary.

These possible methods of integrating the CPG within thexdéfised solution, having the CPG as
a mediating layer between higher-centers, the low-leviexige motor actions and the dynamic body-
environment interactions. As far the author is aware, thian original endeavor, which has not been
explored. They are conceptual proposals and require furtloek and thought on development and
implementation, with no apparent advantages among eaeh oth
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CONCLUSIONS

The work developed in this thesis was integrated in a tea@ssarch project endeavoring the ex-
ploitation of the concept of CPGs and the framework of dymrainéystems to accomplish robust and
adaptive legged locomotion in potentially unperceived arebular terrains, for small position con-
trolled robots. The research project aims to explore inisifflom neuroethology research on vertebrate
motor control and from the concept of CPGs, trying to applykhowledge on the functional descrip-
tion of the vertebrate CPGs, its organization, and most iapdy, the sensorimotor interactions which
adapt the locomotor behaviors to perturbations. The chofiagsing methods of dynamical systems
and nonlinear oscillators is motivated by the fact that éigents interesting features for dynamic motor
control of robots, while it allows to explore previously pased mechanisms and contribute to further
advancement of the framework.

Goals: The goals of this thesis concern with the design of a modeldodution for legged robots,
using dynamical system methods and oscillators to impléragDdPG based controller. It intends to
exploit the features provided by the oscillators’ chamasties to accomplish a solution capable of
generating coordinated motor patterns for walking rob®te final solution should be able to perform
different locomotor behaviors, ultimately resulting inadi@riented locomotion. It aims to include feed-
back mechanisms, contributing towards robust locomostahle foot placement, terrain adaptation, as
well as equilibrium maintenance and posture control. Thekwas a strong focus on the application
of the designed solutions to high gain position controligots, such as the addressed Sony AIBO and
Robotis DARwINn-OP.

Contributions:  The main contributions of this work is the proposal of a CPGeokarchitecture
for a quadruped robot, a CPG for humanoid biped robots anflex dfeased network for a compliant
quadruped.

The CPG based solution for quadrupedal walking is based tencomnected oscillators to drive
the motor patterns for the whole leg, organized such thatotlyces the stepping motions of a leg,
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including the double peaks motions for the knee, withoutieitgow-level planning. The CPGs are
included in the generation level of a structured architegtdivided by levels of abstraction, coordi-
nated to produce the temporal relationships of quadrupedr®tric gaits and the final goal-oriented
locomotion. The regulation level feeds the CPGs with theupaters which specify the motor patterns
and the temporal relationships among the CPGs, translatihgeen task level goals and generation
level parameters. This approach reduces the dimensiprdlithe control problem, decoupling low
level trajectory generation from high level planning, amdestrated in a navigation task.

Postural control of a standing quadruped is addressed Ipogirty a set of parallel postural re-
sponses, which define static equilibrium criteria whichetegs on sensory information. This method
accomplishes the integration and fusion of several semaodalities which contribute towards the bal-
ance maintenance of the robot. The proposed postural ¢@ystem is also integrated with the CPG
locomotor system, with its output projecting into the offparameter of the oscillators. The capabili-
ties of the postural system have been successfully denadedtin a quadruped AIBO robot, subject to
different types of postural disturbances.

The biped CPG solution employed a different approach forGR& implementation, due to the
stricter requirements in terms of balance and motor pattemplexity required to make the robot
walk. The CPG is divided into rhythm generation and pattemegation, based on the idea of motion
primitives and the modular construction of motor skills.efuired minimum set of motion primitives is
identified, which is able to produce goal-oriented walkingptivated by the fact that it should be used
as an initial locomotor repertoire, and should later be mupd and expanded using developmental
methods, such as reinforcement learning methods. Witldrptbposed solution, a phase regulation
mechanisms based on the phase transition reflexes observedébrates is also proposed. The role
of the proposed phase regulation mechanisms were evalutewbnstrating an extended ability of the
biped robot to walk on, and adapt to small unperceived slopes

The capabilities of the proposed solution are demonstiiatedveral experiments in the DARwIn-
OP humanoid robot, other simulated biped robot models, aralsio applied within a whole-body
control framework.

In the final chapter is proposed a network based on a chainflekes for producing the motor
patterns of quadrupedal walking. This approach is meantrasams to initiate a discussion on possi-
ble alternative roles of the CPGs in the generation of leggedmotion. It provides a parsimonious
framework for purely reflexive walking, where it is possildtestudy how the CPG could take part on
the regulation of the reflex activity, or sensory signal fitig. The walking behavior produced by the
reflex network is unpredictable, not possible to specify aombehavior, and the walking performance
has room for improvement in many aspects, e.g. in terms ofa€ty, stability and achieved velocity.

The inclusion of a CPG within the reflex framework is hopedtpiiove the limitations of a purely
reflexive behavior, by introducing a reference rhythmidvitgt making the locomotor pattern more
regular and allowing the modulation of the rhythmic acyivitt would also introduce a reference step
phase which would allow the application of phasic feedbaekimanisms.
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Outlook: Robots have been usually built as fully actuated, high gasitipn controlled, rigid ma-
chines, including most of the legged robots. Legged loc@nads however a task which requires a high
degree of agility and a dynamic interaction with the envinemt. Such interaction application demands
from these kind of robots very fast control loops in order ¢oitnalize the effects of disturbances.

This aspect has been observed as a limiting factor when iagptiye proposed CPG solutions on
the biped and quadruped robots. The lack of planning on sledpace of the end-effector position
and orientation, the generation of simplified joint spaagetitories, and the stiff actuation of the robots
have demonstrated to be a detractor to accomplish the natde $ocomotion. This is not a factor in
other CPG solutions which define the motion of the end-edfiscin the task space [15, 135, 215], and
accurately establish joint position references. Howellgrse approaches maintain the challenge of:
i) designing feedback mechanisms to be integrated with €< ii) the requirement of a very fast
control loop for reactive corrections, and iii) the limitat of high gain position controlled joints. On
the quadruped postural task, the slow position control lalgp demonstrated to be a limiting factor,
reflected on how fast the postural corrections can be pradogéhe system.

Furthermore, it has been revealed to be quite difficult tgppse analogous feedback mechanisms
as those observed in animal locomotion due to the limitedkdra@bility and the stiff actuation of
the joints. The inclusion of compliant elements in the rébattuation can simplify the walking task
and help on achieving agile locomotion, by passively rajgcsmall disturbances in a fast way, and
exploring self-stabilization. On the other hand, it is notrigial matter, as it hampers the control
problem and state estimation. This is one area where dscilbased CPGs may present an advantage
due to their entrainment propertiés [29], but has not bely duplored in more capable robots.

Throughout the period of development of the presented wgndat advances have taken place in
the topic of locomotion in legged robots, and the outlookmseeromising. The capabilities of active
compliance in walking robots have been developed and fuekglored [87, 193], ever improving the
abilities towards agile locomotion.

Some CPG based approaches have recently been applied id sglutions, employing CPGs and
model based control methods in order to achieve active dantgbehavior in torque controlled plat-
forms, capable of addressing unperceived irregular tesraviostafa Ajallooeian et al. [2] implement
the CPGs as coupled nonlinear oscillators, producing joijectories based on user defined piecewise
Hermite polynomials with four knots. The outputs of the CR@stransformed into actuation torques
through a P-controller and adjusted with torques produceah fa virtual model, which maintains the
attitude of the trunk. Barasuol et &l. [15] used a CPG prauutask space trajectories mapped to joint
space through a regular PD position and torque controletagfloating-base inverse dynamics to pro-
vide the feed-forward commands. On top of the end effectatrobers, there is a trunk controller to
maintain the trunk’s attitude and push recovery mechanksmssd on capture points.

The most interesting feature on the concept of CPGs, remainan satisfactorily unanswered
question. If devising a CPG solution for robotics, how skdeledback mechanisms be designed, what
effects should they have to produce adaptations and whigkatmns performed when facing distur-
bances? This key question may remain unanswered for thefuteae, while research on the neural
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organization of vertebrate motor control further studhesintricate processes of motor generation and
adaptation in more depth. Meanwhile, independently of thglémentation method chosen to model

the behavior of CPGs, engineered solutions may continugkiothe role of locomotion adaptation and

disturbance rejection.
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APPENDIX A

LANDAU-STUART OSCILLATOR

The oscillator presented in chapiér 3 and used for the qpadrCPG in chaptéd 4 is here analyti-
cally analyzed. A simple representation of the Landau+$eguation with amplitude independent fre-
quency is presented in cartesian coordinates in equafal 4nd [A.2). The mathematical expression
defines an isochronous oscillator (frequency is indepenafats amplitude) with an Hopf bifurcation,
having a stable harmonic limit cycle solution or a stabledipeint at the originz, z) = (0O, 0).

a(p—((z-0)>*+ 22)) (x — 0) —wz, (A1)
a(p— ((:U—O)2+22))z+w(:6—0), (A.2)

T

Ja
Sz

z

A.1 Behavior and stability of the oscillator

To study the behavior, the system is linearized about thd facént (x, z) = (O, 0), by computing
the Jacobian matrix(f,, f.).

Ofr  Ofs
ox 0z
_ —a(2? — p+ (0 —12)?) — a(0 — 2)(20 — 2z2) 202(0 — ) —w
w+ 2az(0 — x) —2az? —a(z? — p+ (0 — 2)?)
(A.4)

The eigenvalues of the Jacobian at the fixed point are usegt¢éondine the behavior of the system:

w  ap

J(0,0) = [O‘“ _“] (A.5)

The eigenvalues given byet [\ — J| = 0 are A = au =+ iw, giving the necessary information for
the system’s classification at the fixed point. The imagirgast of the eigenvalues reveals a periodic
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A.1. BEHAVIOR AND STABILITY OF THE OSCILLATOR 204

behavior in the linearized approximation. The real partodes wether it behaves as a source or sink at
the fixed point.

e Forap > 0 the fixed point behaves as source (repeller). Trajectopggalutwards from the
fixed point.

e Forap = 0 stability can not be determined by linearization.

e Forap < 0the fixed point behaves as sink (attractor). Trajectorigsisfpwards the fixed point.

To further study the periodic behavior of the system, a chdagpolar coordinates is performed, for
an easier analysis.

Letx = O +rcos(f), z = rsin(f) andr = /(x — O)2 + 22. Substituting in eqs[(Al1) and(A.2)
yields:

i cos() — rfsin(f) = a (1 —17?) rcos(f) — wrsin(6) (A.6)
7sin(6) + 76 cos(0) = a (1 —7?) rsin(f) + wr cos(6) (A.7)

Multiplying egs. [A.6) and(A.l7) byos(#) and bysin(6) respectively, results in:

i cos?(6) — rsin(h) cos(h) = a (1 —1?) rcos?(0) — wrsin(@) cos() (A.8)
7sin’(0) + 7 sin(h) cos(h) = a (1 — %) 7sin?(0) + wr sin(f) cos(6) (A.9)

Then, adding both equations yields:

i (cos®(0) + sin?(0)) = a(p — r*)r (cos?(6) + sin®(0)) (A.10)
:>7'“:04(,u—7“2 r (A.11)

Multiplying again egs.[(AJ) and (Al7), this time Byn(#) and bycos(6), becomes:

7sin(6) cos(6) — r0sin®(0) = a (1 — %) 7sin(6) cos(f) — wr sin®(0) (A.12)
7sin(6) cos(0) + 76 cos?(0) = a (1 —7?) rsin(6) cos() + wr cos®(0) (A.13)

Then, adding both equations yields:

or (cos®(0) + sin®(6)) = wr (cos?(0) + sin?(9)) (A.14)
—f0=w (A.15)

Equations[(A.Il1) and (A.15) are the polar representatighevbscillator, making it easier to analyze
because the radius)(and phase motiorg] are independent. Classifying the behavior of the osoillat
is a matter of analyzing the behavior of the radius and phase.
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In terms of phase, the behavior defined by the differentiabégn [A.I5) is easy to be analyzed.
The phase of the periodic solution increases with a consémf changey.

The fixed points described by ef. (Al11) define the steadg sffathe oscillator’s radius. Making
i = 0, yields the fixed pointst,; = 0, 7o = +,/ui. Given thatr = \/(z — O?) + 22, the fixed point
rv2 = —y/p is not considered. The linearized system is studied at tleel foints:

re1 = 0:

— (a(p —r*)r) = a(p— 3 x 0% (A.16)
= ap (A.17)

The fixed pointr = 0 is stable ifar < 0, and unstable ify. > 0. Given the previously determination of
the origin’s behavior, the fixed point at the oridin, z) = (O, 0) is a sink whern, < 0 and the radius
of the periodic solution will converge to the stable fixedmei = 0. Whenay > 0 the(z, z) = (O, 0)
behaves as a periodic source and the fixed poiat0 is unstable.

Ty = \/ﬁ:

. (alp — 7"2)7") =a(pu — 3\//72) (A.18)
= —2au (Alg)

The fixed pointr = /i is stable ifap > 0, and unstable ity < 0. This means that the fixed point
at the origin(z, z) = (0, 0) acts as a source when: < 0, producing a periodic solution which then
stabilizes with a radius of = ,/u. Whenap < 0 the fixedr = /i becomes unstable, and the radius
converges to the other fixed point= 0.

The radius of the periodic solution is determined by the eaifi, /1, established at all times that
1 > 0. The oscillator behavior is then specified by the sigrnvptontrolling the supercritical Hopf
bifurcation [201].

e The oscillator produces a periodic motion, for> 0, centered atz,y) = (0O, 0) with w fre-
quency and a radiug/zt.

e The oscillator produces an oscillatory convergent sofutawards(z, y) = (O, 0), for a < 0.
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A.2 Phase coupling into Landau-Stuart oscillator

The coupling established in sectionl4.5, in chapter 4, is demonstrated. Consider the oscillator
in polar coordinates, coupled with a phase referenci®r an easier addition of the coupling term:

roo=alp=rr (A.20)
0 =w+ ksin(y —0)

The oscillator is then changed to cartesian coordinatesideringd = cos™! (£), § = sin™! (2),

T

r= 005(9)’ andr = Slnz(g)'
i =7 cos(#) — 6 sin(6) (A.21)
2 = rsin(f) — r6 cos(0) |
& = a(u — r2)rcos(cos (L)) — Z(e) [w + sin(y) — 6)]sin(0)
= . _ a(p— r?)rsin(sin (£)) — 25 [w + sin(¥ — 0)] cos(0) (A.22)
i = a(p—r?)z —z[w+sin(y — 0)] A.23
T = alu— 1)z — v+ sin(y - ) h

Using the trigonometric identityin(o — 3) = sin(«) cos() — cos(«) sin(B):

— 2 cos(v)) (A.24)

(A.25)

We have then the oscillator coupled with a phase referénicecartesian representation:

i =a(p -1z — 2w (A.26)
t=a(p -1z — 2w (A.27)
W =w+ é (zsin(v)) — z cos()) (A.28)

r=v %+ 22 (A.29)



APPENDIX B

PHASE OSCILLATOR COUPLING

Synchronization and phase locking of two phase oscilla®hgre analytically studied and phase
locking properties demonstrated, in the particular casielwoth have the same frequency.

The dynamics of the two coupled phase oscillators are destiy the nonuniform phase oscilla-
tors [1]:

p=w+ Ksin(f—¢+0), (B.1)

f =w+ Ksin(¢— 0 — ), (B.2)

where¢ andd are the phase of the oscillatotsjs the phase speed, or frequency, as given by the period
of oscillationsw = 2&, ¥ is the desired phase difference, aliche coupling strength.

The phase relationship resulting from the coupling betwgandf phase oscillators can be easily
analyzed in terms of dynamical system stability. Consitierghase difference dynamics between the
two oscillators as:

Y=¢—10 (B.3)
V=¢—0 (B.4)
Performing the variable substitution from €g. (B.1) and@dy2) in eq.(B.4), obtains:
Y =w+ Ksin (= 4+ ¥) —w — Ksin (¢ — ¥) (B.5)
= ¢p = — 2K sin (1) — 0) (B.6)

The value of a stable phase difference betwgemd® is achieved when) = 0. In other words,
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the stable fixed points fromt in eq. [B.6).

—2Ksin (¢p — ¥) =0 (B.7)
— p— W =k (B.8)
=1 =V +knm (B.9)

The fixed points for the phase relationship are found t@&be k= with k € Z.
To find which of these fixed points are stable, a linear appnation is performed around the fixed
points:

% (—2K sin (¢ — ¥)) <0 (B.10)

(—2K cos (¢p — ¥)) <0 (B.11)
Therefore, withi > 0, the stability of the fixed points follows that for:
—2K cos (1) — \I])|(w—\11):k7r,k6Z (B.12)

e The fixed point is unstable, whéenis even.
e The fixed point is stable, whéehnis odd.

The stable fixed points are found analytically to be peripdith period2=. This is also possible
to be verified through visual inspection in fig. B.1.

Figure B.1: Phase plot of the phase difference between th@s$aillator.

This means that two phase oscillators with equal frequenaing the coupling method in dq.(B.1),
will always maintain the desired phase relationshipofegardless of initial conditions.
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