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palavras-chave

resumo

Locomogdo bipede, demonstragdo Uunica, primitivas de movimento,
aprendizagem por imitacdo, comportamento adaptativo, generalizagdo de
movimentos.

Este trabalho aborda o problema de capacidade de imitacdo da locomogéo
humana através da utilizacdo de trajetérias de baixo nivel codificadas com
primitivas de movimento e utiliza-las para depois generalizar para novas
situagbes, partindo apenas de uma demonstracdo unica. Assim, nesta linha de
pensamento, os principais objetivos deste trabalho sao dois: o primeiro é
analisar, extrair e codificar demonstracdes efetuadas por um humano, obtidas
por um sistema de captura de movimento de forma a modelar tarefas de
locomogao bipede. Contudo, esta transferéncia nao estd limitada a simples
reproducdo desses movimentos, requerendo uma evolugdo das capacidades
para adaptacdo a novas situagdes, assim como lidar com perturbagcoes
inesperadas. Assim, o segundo objetivo € o desenvolvimento e avaliagédo de
uma estrutura de controlo com capacidade de modelacdo das acgdes, de tal
forma que a demonstracdo unica apreendida possa ser modificada para o robd
se adaptar a diversas situac¢des, tendo em conta a sua dindmica e o ambiente
onde esta inserido.

A ideia por detras desta abordagem é resolver o problema da generalizacéao a
partir de uma demonstragdo Unica, combinando para isso duas estruturas
basicas. A primeira consiste num sistema gerador de padrdes baseado em
primitivas de movimento utilizando sistemas dindmicos (DS). Esta abordagem
de codificacdo de movimentos possui propriedades desejaveis que a torna ideal
para geracao de trajetdrias, tais como a possibilidade de modificar determinados
parametros em tempo real, tais como a amplitude ou a frequéncia do ciclo do
movimento e robustez a pequenas perturbagdes. A segunda estrutura, que esta
embebida na anterior, € composta por um conjunto de osciladores acoplados
em fase que organizam as a¢des de unidades funcionais de forma coordenada.
Mudancas em determinadas condi¢des, como o instante de contacto ou
impactos com o solo, levam a modelos com multiplas fases. Assim, em vez de
forgcar o movimento do robé a situagdes pré-determinadas de forma temporal, o
gerador de padroes de movimento proposto explora a transigdo entre diferentes
fases que surgem da interacdo do rob6 com o ambiente, despoletadas por
eventos sensoriais. A abordagem proposta é testada numa estrutura de
simulagéo dindmica, sendo que vdrias experiéncias sdo efetuadas para avaliar
0s métodos e o desempenho dos mesmos.
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This work addresses the problem of learning to imitate human locomotion actions
through low-level trajectories encoded with motion primitives and generalizing
them to new situations from a single demonstration. In this line of thought, the
main objectives of this work are twofold: The first is to analyze, extract and
encode human demonstrations taken from motion capture data in order to model
biped locomotion tasks. However, transferring motion skills from humans to
robots is not limited to the simple reproduction, but requires the evaluation of
their ability to adapt to new situations, as well as to deal with unexpected
disturbances. Therefore, the second objective is to develop and evaluate a
control framework for action shaping such that the single-demonstration can be
modulated to varying situations, taking into account the dynamics of the robot
and its environment.

The idea behind the approach is to address the problem of generalization from
a single-demonstration by combining two basic structures. The first structure is
a pattern generator system consisting of movement primitives learned and
modelled by dynamical systems (DS). This encoding approach possesses
desirable properties that make them well-suited for trajectory generation, namely
the possibility to change parameters online such as the amplitude and the
frequency of the limit cycle and the intrinsic robustness against small
perturbations. The second structure, which is embedded in the previous one,
consists of coupled phase oscillators that organize actions into functional
coordinated units. The changing contact conditions plus the associated impacts
with the ground lead to models with multiple phases. Instead of forcing the robot’s
motion into a predefined fixed timing, the proposed pattern generator explores
transition between phases that emerge from the interaction of the robot system
with the environment, triggered by sensor-driven events. The proposed approach
is tested in a dynamics simulation framework and several experiments are
conducted to validate the methods and to assess the performance of a humanoid
robot.
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Chapter 1

Introduction

Over the recent years, the interest in robotic systems dedicated to complex tasks has
increased remarkably influenced by the use of state of the art supporting technologies,
the demand for innovative solutions and the search for new areas of potential
application (Bekey et al., 2008; Siciliano & Khatib, 2007). Thereby, the field of robotics
is rapidly expanding into human environments and particularly engaged in its new
challenges: interacting, exploring, and working with humans. In line with this, the new
generation of robots will increasingly touch people and their lives, which permits to
foresee an important step forward and a significant socio-economic impact in the
forthcoming years. Additionally, with the world moving towards a society of
longevity, robots are expected to play an important role in medical care, welfare,
services and work at home.

Current research trends are devoted to the development of integrated systems
relying on rich perceptual and motor capabilities, supporting crucial requisites such as
safety, autonomy, mobility and efficiency when performing a wide variety of tasks in
real-world environments. In particular, there is a considerable effort centred on the
development of humanoid robots with human-like forms and movements (Adams et
al., 2000; Atkeson et al., 2000; Bekey et al., 2008; Solis & Takanishi, 2010), but not
necessarily with the ability to walk on two legs. Clearly, the field of humanoid robotics
can be divided into two main categories: upper-bodies and whole-body robots. On the
one hand, upper-body humanoid robots can be seen as the extension of industrial

manipulators in the sense that they are fixed to a support base. The research focuses
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mainly on the integration of intelligence and motor control for advanced manipulation
tasks. The seminal work of Brooks (Brooks et al., 1999), within the Cog project, gave
rise to an upper-body humanoid robot inspired by the biological and cognitive sciences
to study human-like behaviours. Subsequently, many other projects with similar
objectives have been initiated. On the other hand, whole-body humanoid robots have
legs to move in real-world environments which pose additional challenging problems,
namely in terms of balance and stability. In this context, among the missing key
elements is the ability to develop control architectures that can deal with a rich
repertoire of movements, variable speeds, constraints and, most importantly,
uncertainty in the real-world environment in a fast and reactive manner.

Biped locomotion is one of the most important and challenging control problems
in humanoid robotics. Typical aspects that make the control of legged locomotion a
challenging problem are the nonlinear, highly coupled, multivariable and unstable
nature of its dynamics and also the complexity of models and even their absence for
cases of mechanical imperfections which may not be modelled. Likewise, there are
inherent characteristics of biped locomotion playing a key role in control, namely the
absence of fixed points in the inertial frame, the unilateral degree-of-freedom
established between the foot and the ground, the discrete changes in the dynamics as
the system switches between single and double-support phases and the subjective
performance evaluation. Given the complexity of the problem, there is an increasing
need to move away from robots that are pre-programmed explicitly towards those
endowed with the ability to extract information from the environment, learn about it
and, hypothetically, develop predictions. Seen from another perspective, biped robots
require not just predetermined plans for a single execution path, but instead, policies
describing online response under varying conditions.

This thesis is dedicated to the problem of biped locomotion in humanoid robots,
giving rise to the following question: which are the strong reasons to pursue this
research area? Among others, the following main reasons can be invoked: first, the
surprising number of new humanoid robots appearing on the specialized literature (an
overview is provided in Chapter 2) proves that they can have flexible mobility at a

practical level. Second, the world of our everyday activities is largely designed for biped
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locomotion. While a humanoid form is not necessarily the optimal one for every task,
robots that are prepared to function in human environments tend naturally to have
similar physical characteristics. Third, humanoids may prove to be the ideal robot
design from the viewpoint of the human-robot interaction (i.e., more accepting),
leading to further potential of application. However, in order to properly work in the
environment of humans, this new generation of robots should have a human-like
behaviour in terms of motion skills, as well as advanced adaptation, learning and
communication capabilities. Fourth, humanoid robotics research is, consensually,
considered as a key area for promoting the adoption of biological principles in the
design and development of autonomous robots. Creating robots inspired by biological
principles may help share and refine the understanding of their own natural
capabilities, providing an excellent test-bed for hypothesis and biological models.

In the past years, the main efforts in biped humanoid robots were aimed at
addressing the various aspects of robot control, namely motion, contacts, constraints
and obstacles. In order to pursue this line of research, significant efforts have been
conducted through a close and systematic collaboration of multidisciplinary research
teams whose knowledge encompasses a wide range of crucial areas, including
electronics, mechanical, computer engineering, biomechanics and computational
intelligence. While much progress has been made, numerous problems still remain in
building human-like robots able to mimic the action, perception and cognition abilities
of their biological counterparts. In this context, nature has always been a source of
inspiration for the robotics community in terms of morphologies, modes of
locomotion and/or control mechanisms. Biological systems provide working examples
and conceptual proofs that strongly benefit the design of autonomous robots exhibiting

efficiency, adaptability, robustness and versatility.

1.1 Motivation and Objectives

Humans excel in terms of learning and adaptation of locomotion patterns to
accommodate the demands of a complex world. The continuous modulations of the

coordination dynamics within and between legs are accomplished effortlessly such that
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humans tend to underestimate their own capabilities. Indeed, the strength of human
locomotion lies in the integrated capabilities for encoding, storing and accessing
information about the world, developing and adapting internal models, learning from
multiple sources using different mechanisms, predicting and anticipating in both space
and time, among others.

Humanoid robots already have sophisticated control architectures and
computational power for processing and reasoning. The Humanoid Project at the
University of Aveiro (PHUA) represents a long-term multidisciplinary research effort
whose main objective is the development of highly integrated humanoid platforms
based on standard components and open software (Santos & Silva, 2006; Silva & Santos,
2007; Santos et al., 2012). Fig. 1.1 illustrates the latest full-body humanoid platform
with a total of 25 active degrees-of-freedom (DoF), about 65 cm height and 6 kg weight.

Fig. 1.1: Front, side and back views of the PHUA robot with 25-DoF, 65 cm
height and 6 kg weight .

The PhD thesis was developed in the scope of current studies in multisensory
perception, biped locomotion, autonomous navigation and learning methods. In
particular, this work focuses on learning to imitate human locomotion actions through
low-level motion trajectories encoded with motion primitives and on generalizing

them to new and, often, unexpected circumstances. The main interest lies in learning
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from a single-demonstration that can be modulated to varying situations, taking into
account the dynamics of the robot and its environment. The first objective of this work
is to encode human demonstrations and model locomotion tasks. This implies to
extract motion primitives from human demonstrations by solving the so-called motion
retargeting problem, dealing with mapping actions from a demonstrator to an imitator.
In general, it is difficult to directly use captured motion data because the kinematics
and dynamics of humanoid robots differ significantly from those of humans.
Transferring motion skills from humans to robots is not limited to the simple
reproduction, but requires the evaluation of their ability to adapt to new situations, as
well as to deal with unexpected disturbances. Therefore, the second central objective is
to develop and evaluate a control framework for action shaping and automatization.
The idea behind the approach is to address the problem of generalization from a single-
demonstration by combining two basic structures. The first structure is a pattern
generator system consisting of movement primitives learned and modelled by
dynamical systems (DS). This encoding approach possesses desirable properties that
make them well-suited for trajectory generation, namely the possibility to change
parameters online such as the amplitude and the frequency of the limit cycle and the
intrinsic robustness against small perturbations. The second structure, which is
embedded in the previous one, consists of coupled phase oscillators that organize
actions into functional coordinated units. The changing contact conditions plus the
associated impacts with the ground lead to models with multiple phases. Instead of
forcing the robot’s motion into a predefined fixed timing, the proposed pattern
generator explores transition between phases that emerge from the interaction of the
robot system with the environment, for example, triggered by sensor-driven events.
At any of the deployment phases, the applicability of the proposed concepts is
demonstrated by numerical simulations performed in V-REP, Virtual Robot
Experimentation Platform (Rohmer et al., 2013). Several experiments are conducted in

order to validate the methods and to assess the performance of the humanoid robot.
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1.2 Main Assumptions

For the purpose of pursuing the main goals of the work, two deployment phases will
be considered. The strategy that will be used s, firstly, to learn the locomotion task in
an offline phase after transferring the demonstrated data to the humanoid robot by
adding balance constraints. The biped locomotion task is difficult to learn from
multiple demonstrations, because of the high variability of the task execution, even
when the same subject provides the demonstrations. Therefore, this work addresses
the important concept of generalization from a single “average” demonstration,
focusing on steady-state walking on flat ground surfaces. In order to comply with a
dynamic environment, the demonstration example is encoded by combining both
discrete and rhythmic Dynamic Movement Primitives (DMP), as proposed by Ijspeert
(Ijspeert et al., 2002a; Ijspeert et al., 2013) and Schaal (Schaal et al., 2003).

When applied to biped locomotion, DMP are, typically, learned in joint space, as
reported by Nakanishi (Nakanishi et al., 2004a) and Morimoto (Morimoto et al., 2008).
However, exploring the generalization and adaptation of learned primitives by
modulation of their control parameters becomes difficult when the demonstrated
trajectories are available in the joint space. This occurs because a change in the
primitive’s parameters does not correspond to a meaningful effect on the current
behaviour. Unlike the above mentioned works, the use of DMPs learned in task-space
has been applied by Pastor (Pastor et al., 2009) and Ude (Ude et al., 2010), but limited
to the specific domain of robot manipulation. The main difficulty may arise in multi-
body systems with a large number of DoFs since calculating the inverse kinematics is
required. Supported by the development of efficient algorithms for whole-body
coordination (Choi et al., 2007) as well as advances in designing robots that can learn
such kinematic models by themselves (Hoffmann et al., 2009), the solution adopted
here is based on DMPs learned in task-space and directly relate their parameters to task
variables, such as step length, hip height, foot clearance and forward velocity.

In a second phase, such low-level representation of movement trajectories will be
used by the robot online, in autonomous manner, accommodating novel constraints

and goals by adjusting a few open parameters of the learned model. This will generate
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new movements which fulfil task-specific features, while maintaining the overall style
of the demonstration. Therefore, this work assumes the existence of a reliable vision
system that contributes for planning locomotion movements towards adaptive
behaviour. Vision will support important behaviours such as gait cycle modulation,
navigation and obstacle avoidance. For example, when stepping over an obstacle, the
vision system will provide accurate information about the properties of the obstacle
and surrounding environment that can be used to pre-plan subtle gait adjustments

guiding the foot placement.

1.3 Original Contributions

This thesis contributes with a particular view into the problem of adaptive locomotion
from a single-demonstration by addressing some aspects that, in the specific context of
biped robots, have not received much attention before. The main contributions of this
work are the following:

e The human demonstrations are extracted from “robot-like” walking gaits on a
flat surface. A “robot-like” walking gait means that the human stance foot will
be constrained to remain in flat contact with the ground, forcing the “bent-knee”
at all times in contrast with the typical straight-legged style. Two advantages can
be envisioned: first, less effort should be required for transferring the kinematic
data from the human to the robot. Second, it allows extracting directly the time
course of the centre-of-pressure (CoP) that may be used for balance purposes.

e Most existing works concentrate on frameworks able to select movement
primitives from a library based on the current task context. Instead, this work
addresses the important concept of generalization from a single demonstration.
Given the stringent balance constraints specific to biped locomotion tasks, the
generalization to new situations gains a particular interest. This is not a big
departure from the existing literature, but rather a refocusing of the attention to
the specific application of biped locomotion.

e The DMP formulation is extended and refined in this thesis at different levels.

The first extension occurs by including coupling terms among the x-, y- and z-



8 Introduction

coordinates of the DMP defined in task-space. Second, rhythmic DMP to
generate rhythmic locomotion are combined with discrete DMP to adapt the
motion primitives to a constantly changing goal (e.g., precise foot placement).
The transition process is autonomously adapted based on visual feedback. Third,
it is demonstrated how the DMP formulation can be incorporated to existing
balancing algorithms based on the zero moment point (ZMP) criterion.

e A clear separation is assumed from the classical control that forces the robot’s
motion to follow a predefined fixed timing (time-based) into a more event-based
control. The changing contact conditions, plus the associated impacts with the
ground, lead to models with multiple phases. Instead of forcing the robot’s
motion into a predefined fixed timing, the proposed pattern generator explores
transition between phases that emerge from the interaction of the robot system

with the environment, for example, triggered by sensor-driver events.

1.4 Document Structure

Although the chapters in this thesis are partially built upon results of the preceding
chapters, most of them can be read independently. A description of the structure of
the thesis follows below:

Chapter 2 reviews different aspects of human and biped robot locomotion. First, an
overview over the human locomotion biological aspects is done including an analysis
of the most relevant terms of human anatomy. To conclude the human locomotion
discussion, an overview of the two main model theories about the human locomotion
is presented. Then an overview across the evolution and research done in biped
locomotion is discussed. The chapter ends with an overview of the two most common
methodologies that have been used by researchers in control of biped robots
locomotion.

Chapter 3 provides a survey on the main techniques used to learning and optimizing
applied to robotics, including learning from demonstrations and reinforcement
learning. The survey provides an overview of techniques and applications, but with

particular focus on the specific challenges of biped locomotion.
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Chapter 4 discusses the neurophysiological evidences of movement pattern
primitives that have been found to be present in many animals and, with a great
possibility, in humans. Based on this concept, a methodology known as Dynamic
Movement Primitives (DMP) is implemented and evaluated for motion representation
based on demonstrations from a human teacher. In particular, the study focuses on the
properties of discrete and rhythmic movement primitives from the viewpoint of
adaptation and generalization.

Chapter 5 presents one of the contributions of this work, by presenting a
locomotion mode called as “robot-like” walking mode and used in several motion
capture experiments. First, some concepts related to the human gait cycle are
presented. Then, a brief description of the motion capture system and the experiments
performed are given. The remainder of the chapter compares the normal human gait
with the “robot-like” gait, both in terms of kinematics and dynamics data acquired
with a VICON system and a force platform, respectively.

Chapter 6 discusses the methodologies used to transfer the single-demonstration as
described in Chapter 5 to the humanoid robot. It is assumed an offline phase during
which the skill transfer relies on (7) spatiotemporal scaling such that human and robot
scale uniformly in all dimensions and, thereby, maintain their proportions, (ii) the
application of a reduced model such that the dynamics of a humanoid robot are
projected at its CoM and (iii) an algorithm that influences only a small number of
variables that are sufficient for the core task (i.e., motion of the lower-limbs), leaving
the rest of the degrees-of-freedom free to accomplish additional tasks (i.e., balance
maintenance based on the ZMP criterion).

Chapter 7 presents the control framework developed to address the problem of
generalization from a single-demonstration by combining two basic structures. The
first structure is the pattern generator system consisting of discrete and rhythmic
movement primitives as described in Chapter 4. The second structure consists of
coupled phase oscillators that organize actions into coordinated units. This framework
provides the possibility to generalize and create adaptive behaviour to different
situations in real world environments. Several simulations are performed to assess the

validity of the proposed concepts.
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Chapter 8 concludes the thesis with a discussion on the results achieved and with a

reflection on the future work.



Chapter 2

Biped Locomotion in Humans and Robots

The development of humanoid systems that are able to approximate the motion skills,
level of safety, energy efficiency and power autonomy of the human being has been
the inspiration of the robotic community for many years. Despite of the growing
number of humanoid systems, there is still a significant gap between the current
physical capacities and performances of the most advanced humanoid robots and
humans. In order to adopt control concepts found in nature, it is well worth
understanding the mechanisms that make normal walking in humans such an efficient
form of two-legged locomotion. This chapter will review the nature of the human
walking cycle, the associated anatomical characteristics and some basic biological
control mechanisms. Then, the major challenges related with the design and the
control of bipedal robots is emphasized. Finally, this chapter reviews some of the
planning and control approaches found in the literature for developing biped walking

humanoids.

2.1 Biological Aspects of Human Locomotion

Human locomotion is the result of a complex coupling between the neural and body
dynamics. Accordingly, the understanding of many fundamental aspects of locomotion
control implies the investigation of the neural circuits involved, as well as the body it
controls. It is possible to decompose the general organization of the human locomotion

into a simple cascade, namely brain activates muscles, muscles move skeleton and

11
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skeleton performs work on external world. However, such a unidirectional framework
fails to incorporate essential dynamic properties that emerge from feedback operating
among and within levels. One key challenge in the current study of locomotion is to
determine how each individual component within a locomotor system is implemented,
while at the same time gaining insight on how they interplay and function collectively

as an integrated whole.

2.1.1 The Human Control Loop

The problem of motor coordination of complex multi-joint movements has been
recognized as very difficult to understand in biological, as well as to synthesize in
artificial systems. The high degree of redundancy of such movements and the
complexity of their dynamics make it difficult to achieve a robust solution. However,
biological systems are able to move with remarkable elegance while interacting with
the terrain in a highly energy-efficient way during walking or running. In particular,
human walking is a prominent example of how to generate smooth motion by the
interplay of appropriate biomechanics and adaptive neural control. It has been
suggested that the coordination of this complex process involves a hierarchical
organization of levels. Recently, theories of motor hierarchies have become more
specific and have been applied to all levels of the motor system (Wolpert & Kawato,
1998; Arbib et al., 2000; Hamilton & Wolpert, 2002).

The majority of these theories recognize four levels in the vertebrate motor system
hierarchy: the spinal cord, the brain stem, the motor cortex, and the association cortex.
It also contains two side loops: the basal ganglia and the cerebellum, which interact
with the hierarchy through connections with the thalamus. The higher-order areas
concern with more global tasks regarding action, such as deciding when to act, devising
an appropriate sequence of actions, and coordinating the activity of many limbs. They
do not have to program the exact force and velocity of individual muscles, or
coordinate movements with changes in posture. These low-level tasks are performed
by the lower levels of the hierarchy. At the same time, the lower levels (e.g.,
interactions between muscles and the spinal cord) are largely autonomous, while the

higher level control (e.g., cortical) arises only point wise as needed. This distributed and
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hierarchical organization requires a control architecture formed by several nested
sensori-motor loops combining rapid preflexes with multimodal sensory feedback and
feedforward motor patterns. Additionally, the cycle period available to coordinate all
these loops can be rather short, namely at a maximal walking speed. In humans, the
slow feedback is compensated by a powerful brain function: prediction. The
neurological basis of prediction is not yet well understood, even though there is an
important body of evidence suggesting that prediction plays a fundamental role in
many processes, such as learning, behaviour, motor control, perception (multi and
cross-modal perception), among others. Fig. 2.1 depicts a simplified control loop
relating cerebral motor cortex and cerebellum in supervising the spinal cord

controlling the musculoskeletal system.

Cerebellum
efferent > Cerebral Spinal Muscoloskeletal
feedback / Motor Cortex motor plan + z Corda L System
afferent feedback

Fig. 2.1: Simplified human control loop relating motor cortex and cerebellum
in supervising the spinal cord that controls the musculoskeletal system. The
distributed organization combines rapid mechanical preflexes with
multimodal sensory feedback and feedforward motor patterns.

Locomotion is initiated and modulated by supraspinal descending pathways. Some
of these are direct pathways between the motor cortex and the spinal cord, such as the
pathway from the vestibular nuclei and the cerebellum to the spinal neurons, and the
corticospinal tracts that play an important role in visuomotor coordination, namely
the accurate foot placement in uneven terrains. The postural problem involves an
important role of the cerebellum for behaviourally successful locomotion, while the
corticospinal pathway plays a role for the visually-guided modification of the
locomotion cycle. Instead, other pathways are relayed by the centres in the brainstem,
such as the reticularspinal tract that integrates information from the motor system to
coordinate automatic movements of locomotion and posture, facilitating and

inhibiting voluntary movement. Feedforward pathways are driven by specialized
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circuits distributed throughout the spinal cord, called central pattern generators
(CPGs).

CPGs generate the rhythmic oscillations that drive motor neurons of limb and body
muscles in animals as diverse as lampreys, birds, insects, cats, and rats (Orlovski et al.,
1999). Although CPGs may not require sensory feedback for their basic oscillatory
behaviour, such feedback is essential for shaping and coordinating the neural activity
with the actual mechanical movements. Sensory feedback is especially important in
animals with upright posture, because the limbs play an important role in supporting
the body in addition to locomotion.

A recent study have not only confirmed the presence of the CPG for human
locomotion, but also confirmed its robustness and adaptability to different gait patterns
and different walking contexts (Choi & Bastian, 2007). The distributed and cooperative
nature of the feedback is what makes locomotion behaviours so robust in uncertain
environments. Studied from a general perspective, motor output is constantly modified
by both mechanical and neural feedback (Gandevia & Burke, 1994):

¢ Locomotor appendages and body segments not only exert forces on the external

world, but also sense the forces they exert. The main sensory feedback to the
CPGs is provided by sensory receptors in joints and muscles. A set of
neurosensory devices measure the magnitudes and dynamics of force and length
changes in the musculoskeletal system throughout each cycle of locomotion. In
addition, viscoelastic behaviour of the musculoskeletal system itself provides a
form of non-neural feedback that can operate almost without delay. Such
viscoelastic behaviour produces responses to disturbances before the fastest
neural reflexes. This preflexive mechanical feedback provides an additional
component that functions in parallel with reflexive neural feedback and
feedforward control from motor circuits to coordinate neural activity with
mechanical activity;

e Neural feedback from sensors during locomotion takes three general forms.

First, the input from directional sensors such as eyes, ears, and noses influences
the overall speed and direction of locomotion, guiding toward a specific

destination or avoiding obstacles. Second, specialized equilibrium organs, such
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as the inner ears, function to maintain specified body orientation during
locomotion. Third, rapid feedback from mechanosensory cells, can tune cyclic
motor patterns on a cycle-by-cycle basis, either by modulating cells within CPGs
or by activating motor circuits that operate in parallel with pattern generating
networks. The muscles and tendons of vertebrates are replete with diverse arrays
of mechanoreceptors that monitor body kinematics and force production during
locomotion. By integrating information across an array of sensors, a rich source
of information is available for tuning motor output to changes of the internal

and external environment within or between locomotor cycles.

Sensory feedback reflexes and mechanical preflexes are complimentary pathways
that provide feedback from the environment. Rapid feedback from both neuronal and
mechanical pathways is integrated with guidance from eyes, ears, noses, and
equilibrium organs to direct an animal toward a desired locale or stabilize it in the face
of an environmental perturbation. Current studies of motor control address the
dynamic coupling among CPGs, sensory feedback, mechanical preflexes and the
environment. Such integration may provide a global view of motor control and will

likely redefine the roles of the individual components.

2.1.2 Normal Human Locomotion

Over the past decades, the advances in the area of gait science have produced a precise
description of normal human locomotion. This includes an array of terms and concepts
related to gait analysis, phases of walking connected to kinematic or kinetic events,
basic principles of normal walking and the postural control function based on reflexes
and supra-spinal high-level actions from the motor cortex. This section presents

selected work related to these topics.

Basic Anatomical Terms

The anatomical terms describe the relations between different parts of the body and
they are based on what is called the anatomical position, shown in Fig. 2.2. In this

position, the subject is standing upright, with the arms by the sides of the body, the
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palms forward and the feet together. Relative to the centre of the body, six terms are
used to describe the directions as follows:

e Superior or cranial - toward the head end of the body;

e Inferior or caudal - away from the head;

e Anterior or ventral - front side of the body;

e Posterior or dorsal - back side of the body;

o Left and right - they refer of course to the left and right side of the body.

Sagittal plane

]Superior

Posterior
Right /"
Transverse plane
/ Left
Anterior

Frontal plane

Ilnferior

Fig. 2.2: The anatomical position, showing the three reference planes and the
six fundamental directions (from Whittle, 20072).

Three planes are defined as follows:
e Sagittal or lateral plane - a vertical plane running from the back to the front

and divides the whole body into the left and right sides;
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o Frontal or coronal plane - a vertical plane that divides the body into the front
(anterior) and back (posterior) sections;
e Transverse or axial plane - a horizontal plane that divides the body into the

upper and lower parts.

Most of the joints present on the human body can only move in one or two of these
three planes. The directions of these motions for the hip, knee, ankle, foot and toes
can be seen in Fig. 2.3. Although there’s not a single designation, they are commonly
designed as:

e Flexion and extension - are the movements that are performed in the sagittal

plane;

e Abduction and adduction - these movements are performed on the frontal

plane;

o Internal and external rotation - they take place on the transverse plane.

Ankle

Dorsiflexion
(Flexion)

Plantarflexion
. (Extension)
Abduction Forefoo
External Abduction  Adduction
rotation AT

Abduction
Toes
External Internal )
rotation rotation Zg
Flexion

Fig. 2.3: Movements performed on the hip, knee, ankle, foot and toes joints
(from Whittle, 2007b).



18 Biped Locomotion in Humans and Robots

Morphological Adaptations in the Musculoskeletal System

The human musculoskeletal system presents a combination of complex anatomical
characteristics to cope with the dynamics of balancing an upright trunk, while
efficiently moving the body forward. As far as the muscles is concerned, current
evidence points to the variety of functions in locomotion where muscles serves as
motors, brakes, stiffness regulators and stores of energy. During locomotion, the
amplitudes, frequencies and phases of the signals sent to the multiple muscles must be
well coordinated, with many muscles per joint and several muscles acting on more than
one joint. This coordination extends from the different joints and limbs to the
antagonist muscles which combine periods of co-activation for modulating the joint’s
stiffness with periods of alternation for actuating the joint. This human
musculoskeletal system’s ability to control force and position simultaneously is the key
to versatile interaction with our surroundings.

There were also interesting morphological adaptations in the human skeleton,
found within the pelvis and lower limbs, that make it able to cope with the dynamics
of balancing an upright trunk, while efficiently moving the body forward, as described
in Lewin (Lewin, 2004) and Harcourt-Smith (Harcourt-Smith, 2007):

e The human pelvis has particular features that greatly facilitate support of the
upright trunk. First, it places the trunk’s centre of gravity closer to the hip joint.
Second, the contraction of the gluteus muscles, positioned at the side of the
pelvis, tilt the trunk toward the leg in contact with the ground, providing greater
balance and stability.

e Humans have an inward sloping angle of the thigh (valgus knee angle) resulting
in the knee being placed closer to the midline of the body than the femoral head
articulated to the pelvis. This greatly reduces the lateral movements of the
body’s centre of gravity, leading to a more efficient and energy saving walking.

o The human knee has the ability to “lock” when full extended during the stance
phase which greatly facilitates upright walking by keeping the leg straight and
enabling the efficient transfer of weight between legs during the double-support

phase.
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o The talar articular surface of tibia is oriented perpendicular to the long axis of
the bone, allowing a more efficient weight-transfer through to the foot.

e The shape of the human foot is particularly specialized for the requirements of
biped locomotion with its arches. The combination of short and straight toes
with a relatively long tarsus results in a more efficient propulsion lever during
the stance phase. Second, the longitudinal arching combined with the locking
morphology of the calcaneo-cuboid joint allows acting either as an efficient

shock absorber or a rigid structure during weight-transfer to the ground.

Away from the adaptations of the pelvis and the lower limbs, the curves of the spinal
column are also particularly relevant. Humans use less muscular effort to stand/walk
upright and support more weight with a curved spine than if it were straight (curves
increase resistance to axial compression). Most of the aforementioned characteristics of
biped locomotion relate to two major factors: balancing the body as a whole and
keeping the downward transmission of force as close to the midline of the body as
possible. The minimization of the mediolateral swaying of the body during walking

acts to stabilize the body over the supporting leg and to reduce energy expenditure.

Divisions of the Gait Cycle

The gait cycle is defined as the period of time between any two identical events in the
walking cycle. Although any event can be selected as the onset of the gait cycle, initial
contact of one foot is normally used as the starting event. The human walking cycle is
characterized by two distinct phases: the stance phase, when the foot is in contact with
the ground, and the swing phase, when it is off the ground in forward motion. The
stance phase begins with heel strike as the foot hits the ground. The knee is fully
extended and the foot dorsiflexion makes the heel strike the ground before the rest of
the foot. Then, the plantar flexion occurs and, typically, force is transmitted to the
ground along its lateral border. The point when the body is directly over the weight-
bearing foot is known as the midstance phase.

The body then carries its forward momentum over the leg, at which point force

moves medially to the ball of the foot (where the toes join with the rest of the foot).
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At this point, strong muscular contraction of the plantar-flexors results in the ball of
the foot pushing against the ground and, eventually, lifting away from it as the body
continues to move forward. This action finishes with a final push-off of the big toe
known as toe-off. The leg is now off the ground and in the swing phase, with the knee
and hip both bent so as to keep the leg off the ground as it swings forward to make the
next heel-strike.

On the one hand, double-support is the period of time when both feet are on the
ground, occurring twice in the gait cycle at the beginning and end of stance phase.
Generally, in normal walking, the two periods of double-limb support represent 25
percent of the gait cycle, decreasing the value as velocity increases. On the other hand,
single-support is the period of time when only one foot is in contact with the ground
(equal to the swing phase of the other limb). A complete description of the functional

tasks and phases of gait is provided in Section 5.1.

2.1.3 Control Mechanisms of Biped Walking

The distinctive feature of human locomotion, compared with other bipedal animals, is
the well recognizable straight-legged style: humans walk while keeping the legs almost
straight (Alexander, 1992). At its most fundamental level, human locomotion appears
to be a simple process: by applying forces on the external environment and, through
the Newton’s law, reaction forces are generated which move the body forward in the
opposite direction. The spatiotemporal dynamics of locomotion are complicated, but
understandable on the basis of a few common principles, including mechanisms of
energy exchange and the use of force for propulsion, stability and manoeuvrability.
There are essentially two major theories in human walking that have dominated over
the last five decades: the inverted pendulum analogy and the six determinants of gait.

In the following, these two complementary theories are discussed.

Inverted Pendulum Analogy

Two basic mechanisms have been proposed to explain the different patterns of time-
variant forces measured during walking and running (Alexander & Vernon, 1975;

Cavagna & Kaneko, 1977). When walking, the human body’s centre of mass (CoM)
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travels up and down during each step, reaching its lowest point when both feet are on
the ground and rising to its highest point while it jumps over a straight supporting leg
(Fig. 2.4). This vertical CoM movement enables humans to save energy through a
pendulum-like mechanism, where the kinetic and gravitational potential energies are
exchanged cyclically. While humans CoM moves up they slow down and when it
moves down they speed up, thus passively converting gravitational potential energy to
forward kinetic energy and back again. Kinetic energy in the first half of the stance
phase is transformed into gravitational potential energy, which is partially recovered

as the body falls forward and downward in the second half of the stance phase.

inverted pendulum model spring-mass model
“ walking % running

Fig. 2.4: Two basic models for legged locomotion: in walking (left), the centre
of mass travels over a rigid leg, analogously to an inverted pendulum. In
running (right), the leg acts as a spring, compressing during the braking phase
and recoiling during the propulsive phase.

This pendulum-like mode of walking, which is a consequence of the straightness of
our legs, reduces the mechanical work that our muscles must supply to raise and
accelerate the CoM. On the other hand, while walking straight, the line of action of
our body’s weight passes close to the leg joints, and little tension is needed in the
muscles to prevent the joints from collapsing under the load. Hence, another possibly
more important consequence of our straight-legged style of walking is that it enables
us to support our weight without the need for large forces in our leg muscles, thereby
reducing the effective energy cost. In order to travel faster, humans change to a running
gait that is similar to bouncing on a pogo stick (Fig. 2.4). Like a simple spring-mass
system, the kinetic and gravitational potential energies are temporarily stored as elastic
energy in muscles, tendons, and ligaments during the braking phase (as a leg strikes the

ground), being nearly all recovered during the propulsive second half of the stance
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phase. Remarkably, these basic mechanisms of energy conservation have been
demonstrated in a wide variety of animals that differ in leg number, posture, body
shape, body mass, or skeleton type, including humans, kangaroos, dogs, lizards, crabs,
and cockroaches. The inverted pendulum model is a simple model for human walking
and a study of its weakness and strengths can be found in a work of McGrath et al.
(McGrath et al., 2015). More recently other extensions of the inverted pendulum have
been proposed that include springers, telescopic actuators, dampers and additional
joints and segments (Srinivasan, 2011; Pratt et al., 2012; Hong et al., 2013; Kim & Park,
2011).

Time-variant forces and energy exchange in the lateral direction (non-propulsive)
could be equally important. Lateral forces may enhance both the passive stability and
active manoeuvrability of locomotion, or other criteria that become apparent in
natural environments. By pushing laterally, legs create a more robust gait that can be
passively self-stabilizing as the animal changes speed or moves over uneven terrains
(Kubow & Full, 1999). Forces generated orthogonal to the direction of motion may
also contribute to the overall stability of locomotion, because the movement of animals
and the natural environments through which they must navigate are complex and
variable. Forces lateral to the direction of movement are often larger than one might
expect for efficient locomotion, but they may enhance stability, and their modulation

seems essential for active manoeuvres.

Determinants of Gait

Several studies have pointed out to other characteristics of the human gait, referring
namely to optimizations performed during the gait cycle to minimize the excursions
of the center of gravity and the energy expenditure. These optimizations, often called
the “determinants of gait” were first presented by Saunders et al. (SAUNDERS et al.,
1953). These determinants of gait have been accepted for a long time (about 40 years)
as important to the reduction of energy expenditure. Only later (Della Croce et al.,
2001; Gard & Childress, 1996) it was suggested that even though they exist, they play
little or even no part in reducing energy expenditure, while Kerrigan (Kerrigan, 2003)

suggested that only one of the determinants (the fifth) significantly reduces the vertical



Biped Locomotion in Humans and Robots 23

excursion of the centre of mass and Baker (Baker et al., 2004) rejected the notion that
energy is conserved by restricting the vertical movements and proposed that energy is
mainly conserved by an exchange between potential and kinetic energy. Nevertheless,
since these determinants are present in the human gait, a list of those determinants is

provided:
e Pelvic Rotation: increases step length; increases radius for the arcs of the hip
thus smoothing the arcuate trajectories of the CoM; helps regulate angular

momentum 1in vertical direction.

Fig. 2.5: Schematic figure used to illustrate the pelvic rotation (from Medved,
2000).

e DPelvic tilt: augment knee extension and Achilles tendon energy storage; helps

regulate angular momentum in anterior-posterior direction.

Fig. 2.6: Schematic figure used to illustrate the pelvic tilt (from Medved,
2000).
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o Knee flexion (early support phase): shock absorption; helps regulate angular

momentum in medio-lateral direction.

| |

- --- With no knee flexion
— With knee flexion

Fig. 2.7: Double-pendulum model in the sagittal plane used to illustrate the
contribution of knee flexion to the vertical displacement of the CoM during
stance (from Robinovitch, 2007).

e Controlled plantarflexion: depresses ascending limb of arcuate trajectory;

absorbs shock of forefoot collision; helps regulate angular momentum in medio-
lateral direction.

VML

Fig. 2.8: Anatomical diagram of foot used to illustrate controlled
plantarflexion during early stance (from Robinovitch, 2007).

o Powered plantar flexion: elevates descending limb; helps regulate angular

momentum in mediolateral direction; decreases impact of adjacent leg.

&

Fig. 2.9: Anatomical diagram of foot used to illustrate powered plantarflexion
during late stance (from Robinovitch, 2007).
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o Lateral displacement of the pelvis: with respect to a sagittal plane, the knees
are medial to the hips; the effect of adducted posture of lower extremities is the

reduction of total lateral displacement (~4.5 cm).

W O NE =

Fig. 2.10: Anatomical diagram of the lower-limbs used to illustrate lateral
displacement of the pelvis(from Robinovitch, 2007).

2.2 Biped Locomotion in Humanoid Robots

The world has witnessed an impressive progress in legged robots during the last
decades, from animal-like hopping robots and passive mechanisms to walking
humanoid robots and small-size commercial platforms for research and entertainment.
The continuous progress in robotics technology and the promoting activities of
humanoid-robots soccer competitions, organized by RoboCup, FIRA and others, have
strengthened the academic involvement. The next sections describe the common
paradigms in robot design, examples of some prominent biped robots developed
throughout the world and the inherent characteristics of biped locomotion that make

its control an open challenging problem.

2.2.1 Paradigms in Robot Design

A retrospective analysis shows that there has long been a dichotomy in styles used in
designing and implementing biped robots. On the one side, an increasing number of
studies support the idea that the structure and mechanical characteristics of the robot
body (i.e., morphology) play a crucial role in behaviour generation and control. The
morphology determines the kinematics and dynamics of the robot, and thereby the
possible repertoire of behaviours, as well as affects the control required for these
behaviours.

The relevance of this idea has become apparent with the pioneering work of Tad

McGeer (McGeer, 1990) who built self-stabilizing passive mechanisms which could
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dynamically walk with no sensing, actuation or feedback. This can be done by
mechanical structures that execute the necessary step motions by using pendulum legs
and passive interaction of gravity and inertia when, for example, walking down a slope.
Although cannot be used as a complete walking algorithm for a humanoid robot, it is
useful to combine elements of passive walking into the motion patterns thinking on
the energy conservation that can be achieved with it.

Since McGeer, many other researchers have been demonstrating how well-designed
morphologies can lead to reduction in control requirements and improved efficiency
(Anderson et al., 2005; Collins & Ruina, 2005; Hobbelen & Wisse, 2007). The recent
trend of passive walking research is influenced by concepts such as control on level
ground (actuation), more joints and links (e.g., upper-body with torso and arms, knees
and ankles) and 3D stability focused on real-robot experiments. For important recent
work refers to Wisse et al. (2007), Narukawa et al. (2008), Wang et al. (2009), lida &
Tedrake (2010).

Despite dynamic walking robots can produce economical human-like gaits, they
tend to have poor versatility (e.g., able to walk at various speeds on different terrains).
As result, many articles about biped locomotion fall in on the other extreme of the
spectrum: the full-active bipedal walking robots. From the viewpoint of robotics,
numerous approaches for active biped locomotion control have been developed with
their own solutions to the problems of pattern generation, postural control and

coordination among DoFs.

2.2.2 Examples of Actively Controlled Bipeds

The world’s first full-scale anthropomorphic robot, WABOT-1, was built in 1973 at
Waseda University (Kato et al., 1974). Since then, the history of biped walking
humanoids research has attracted the attention of a growing community, both from
the industry and the academia. The impressive designs and skills of Honda’s P2, P3 and
ASIMO robots represent a landmark research work (Hirai et al., 1998; Sakagami et al.,
2002). The QRIO prototypes were targeted to develop robotics systems for
entertainment by following up the success of AIBO robot (Nagasaka et al., 2004).

Although this project is not being pursued, the robots’ natural motions when operating
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in groups and when interacting with humans make their skills remarkably similar to
human skills.

The HRP project involves efforts from the industry and the academia focusing on
the potential of real-world applications for humanoids (Akachi et al., 2005; Hirukawa
et al.,, 2004; Kaneko et al., 2004). At the same time, several small-size valuable
commercial platforms have also appeared suitable for research and education purposes,
such as the HOAP robots developed by Fujitsu (Fujitsu, 2003), the NAO robot
developed by Aldebaran Robotics (Gouaillier et al., 2009) and the DARwIn-OP open
platform developed at Virginia Tech (Muecke et al., 2006).

The involvement of several universities in long-term research programs was the key
to breakthroughs and promoting innovative design and applications. The activities at
the University of Tokyo with a number of humanoid robots (Nishiwaki et al., 2005),
at the Waseda University with the WABIAN series robots (Ogura et al., 2006), the
Johnnie designed by the TUM group in Germany (Lohmeier et al., 2004) and the KHR
series robots from KAIST in Korea (Park et al., 2004; Park et al., 2007) are examples of
humanoid robots focusing on biped locomotion research. At the same time, several
easy-to-design humanoid platforms have been described in the literature, namely
mechatronics details and technical solutions useful to others replicate (see, for example,
Behnke & Stiickler, 2008; Furuta et al., 2001; Kim et al., 2004; Santos & Silva, 2006;
Yamasaki et al.,, 2001). Some of the most prominent representatives of actively
controlled humanoid robots are shown in Fig. 2.11.

More recently, evidence of how human brains generate the wide variety of human
behaviours has been revealed by neuroscience and psychological studies. Despite the
increased understating of the human brain mechanisms, the replication of similar
mechanisms into artificial devices is slower. The RobotCub project (Sandini et al.,
2004; T'sagarakis et al., 2009) and the Computational Brain project (Cheng et al., 2007a,
2007b) have focused on psychology and neuroscience research as a guide for cognition
in developing, respectively, the child-like iCub and the human-sized CBi humanoid

robots.
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Fig. 2.11: Examples of humanoids robots developed throughout the world:
WABOT-1, ASIMO and QRIO (top from left to right); HRP, HOAP and
NAO (bottom from left to right).

2.2.3 Inherent Characteristics of Biped Locomotion

The control of bipedal walking is a challenging problem not currently solvable by
classical control theory. Some of the characteristics that make it difficult are the
nonlinear dynamics, the multivariable dynamics and the unstable nature of the
dynamics (i.e., most biped robots will fall down without control). A bipedal walking
robot is a multi-body system with a large number of degrees-of-freedom (typically 12
of more joints in their lower limbs) possessing highly-coupled nonlinear dynamics. The
mathematical model of the system is very complex and it is described by nonlinear
high order differential equations. Thus, the tools for linear systems typically cannot be
applied to bipeds, except in special cases. Several strategies can be used to solve these
potential problems, such as to simplify the dynamical model, to ignore the effects of

friction and flexibility and to minimize the impacts with the ground.
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In addition to these properties, some inherent characteristics of biped walking play
a key role in control, namely the limited foot/ground interaction, the discrete changes
in the dynamics (time-varying dynamics) and the subjective performance evaluation.
First, the absence of fixed points in the inertia frame makes the system under-actuated.
The DoF established between the foot and the ground is unilateral and the moment
applied around the foot must be limited to avoid the complete rotation around the heel
or toes. Because the robot’s foot can only push on the ground (but not pull on it),
control is limited and, in many circumstances, little can be done to prevent falling but
to be caught by the next support foot. The absence of an actuator at the contact point
requires the conversion from the internal forces generated by each joint actuator to the
external reaction forces through the interaction with the environment. More
concretely, the control of legged robots requires the manipulation of the contact point
(or the point of action of the total external forces) and the force acting at that point. A
property of human-like walking results from the high centre of gravity (CoG) with a
small contact area to the ground. As result, balance maintenance is a central concern
in order to engage useful tasks, from standing upright posture to motion goals. The
most well-known stability measure to enhance trajectory-tracking controllers and to
analyse their stability is the so-called ZMP-criterion proposed by Vukabrotovic and
colleagues (Vukobratovic & Juricic, 1969; Vukobratovi¢ & Borovac, 2004).

Second, there is a change on the system’s dynamics during the walking cycle as the
system changes between single-support phase and double-support phase (i.e., the system
is supported by one foot or by both). This is an advantage that allows biped robots to
walk in environments not accessible to wheel-based mobile platforms, such as climbing
stairs. However, the changing contact conditions at the feet plus impacts at heel strike,
which cause jump in the velocities, lead to models with multiple phases. As result,
bipedal robots have characteristics of both continuous and discrete systems, making
control design and analysis more difficult. Third, successtul walking results in
transporting the body section from one point to another safely and efficiently, even
though the exact trajectories are not strictly important. Performance is usually defined
in terms of efficiency, locomotion smoothness, maximum speed and robustness in

rough terrains rather than typical notions such as trajectory tracking and disturbance
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rejection. Therefore, it is difficult to define a cost function as required by automatic
control learning and synthesis techniques. The problems mentioned before contribute
to difficult the development of a simple and robust control system for biped robots.
Another recurrent problem in bipedal robots is how to design a controller that
generates closed-loop motions, such as walking, running, or balancing, that are periodic
and stable. Due to the complex dynamics associated with bipedal robots, the inherent
under actuation and the changing contact conditions with the ground, the problem is
far from being solved and there are just a few examples of algorithms developed using
this approach. A good example is BIPER, a robot built by Miura and Shimoyama at
Tokyo University (Miura & Shimoyama, 1984) that walked with straight legs. The
small joint angle excursions were appropriate to linear control synthesis methods.
Other linearization approaches are commonly adopted to reduce the nonlinear
dynamics into a linear one and facilitating the application of linear multivariable
control methods (Gubina et al., 1974; Golliday, C. & Hemami, 1977; Mita et al., 1984).
In the same line of thought, RABBIT is a biped robot aimed at the fundamental
research of modelling and control of a class of nonlinear, hybrid systems that arise in
the study of legged locomotion (Chevallereau et al., 2003; Westervelt et al., 2007). New
paradigms, concepts and algorithms have been explored to deal with the problem of
truly dynamic walking (the robot has no feet). In this work, authors present a
systematic approach for achieving asymptotically stable motions that includes topics
from mathematical modelling of walking gaits to theoretical control analysis and

feedback synthesis.

2.3 Control Approaches in Biped Robots

In this section, the most important control approaches used in developing bipedal
robots are discussed. This is a vast and complex task which can only be fulfilled in a
limited fashion given the growing community of researchers working in the field.
However, it seems reasonable to include in this study model-based and model-free

approaches, each with their own advantages and limitations.
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2.3.1 ZMP Based Approaches

Starting from the work of Vukobratovic and Juricic (Vukobratovic & Juricic, 1969), a
considerable research effort has been dedicated to motion generation, stabilization and
improvement using model-based approaches. The majority of the walking control
systems (e.g., Honda humanoid robots) use modulated feedback of pre-programmed
joint trajectories. The desired motions can be calculated in advance using some form
of pattern generator formulation (e.g., parameterized curves, optimization of some
metric) or capturing human motions by taking recordings (e.g., walking, climbing
stairs, etc). Then, an accurate dynamic model is used to compute dynamically
admissible joint trajectories offline. These planned trajectories are then played back
during walking and modified online through feedback, according to a simple control
law (ZMP-based), in order to maintain stability. The trajectory modulation can be done
online, while the robot walks, by measuring the ground reaction forces and/or the
body orientation, and by comparing with the predicted forces and orientations.

The more advanced humanoid robots look extremely good when walking based on
an important idea: using demonstrations of human walking. However, in general, the
ZMP-criterion constrains the stance foot to remain in flat contact with the ground at
all times and leaves less freedom for optimizing performance. As result, only slow
motions can be achieved in a stable manner, while the walking gait is limited in terms
of efficiency, natural appearance and disturbance handling (trajectories are rigidly
tracked using typically high gain position servos). Furthermore, in spite of the
remarkably human-like and convincing demonstrations, this approach places
additional demands to allow locomotion across difficult terrains where no previous
example is available. Fig. 2.12 illustrates the control problem if the ground reaction
varies, as well as two common approaches used in practical robots to solve this

question: ground reaction control and target ZMP control.
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Fig. 2.12: Fundamental problem of stability in biped locomotion: (A) in flat
surface the ZMP must by inside the supporting area and, typically, the
ground reaction force and the total force acting at the CoM are colinear; (B)
in irregular terrains the misalignment may lead to tip over; (C) the ground
reaction control approach accommodates the ground reaction force by
distributing the force between the heel and the toe so that the resultant force
may pass through the ZMP; (D) the target ZMP control approach accelerates
the upper torso to increase the inertial force so that the resultant force may
pass through the ZMP.

Besides their several drawbacks, considerable results have been achieved by using
Zero-Moment Point (ZMP) considerations to ensure stability. Examples include joint
control strategies (Sano & Furusho, 1990; Stephens, 2007), whole-bod