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ABSTRACT

Walking robots have unique skills that can be exploited when they are de-
ployed in real-world scenarios. They can locomote over rough terrain, ne-
gotiate obstacles, deliver payloads and manipulate the environment, which
makes them the ideal solution for search and rescue missions, inspection,
and exploration. The implementation of the these capabilities, however,
presents theoretical and practical challenges that are yet to be solved: Walk-
ing robots have high power requirements and must be able to safely navi-
gate in their designated environment while balancing at all times.

This thesis presents motion planning and control algorithms for robotic
legged locomotion and manipulation. The design of these algorithms has
the goal of pushing what the current state of the art is capable of in terms
of dynamic legged locomotion, as well as coordination with manipulation,
aiming at executing these algorithms on torque-controlled robots in real-
world environments.

Committing to the implementation of modular software and generic
algorithms, our work has focused on the development of motion plan-
ning and control algorithms for a torque-controlled quadrupedal robot
equipped with a robotic arm. Parts of these have been successfully de-
ployed on other robots, including a wheeled quadrupedal robot and an
autonomous excavator.

We present a motion planning that is focused on the generation a wide
variety of gaits (i.e., contact sequences), including walking, trotting, pacing,
jumping, and galloping. Reduced-complexity models have been used in
the planning to ensure dynamic stability, to increase the computational
efficiency, and to allow the execution in an online fashion. This allows the
planner to react to disturbances and unexpected changes the surrounding
environment.

To execute these motions, a whole-body controller has been developed
which exploits the full system dynamics to track operational-space motion
references. The controller computes torque for each actuator by solving a
cascade of tasks, each of which is formulated as a constrained Quadratic
Programming problem.

Experimental tests have been carried out on ANYmal, a torque-
controlled quadrupedal robot developed by the Robotic Systems Lab at
ETH Zurich and ANYbotics. Based on the work presented in this thesis,

v



ANYmal can execute a wide variety of dynamic gaits and maneuvers,
both indoors and on challenging terrain. The success of our approach lies
in the use of reduced models for fast and reactive online planning, the use
of the full rigid-body dynamics for control, and the integration of lessons
learned from field testing.
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SOMMARIO

Robot che camminano hanno abilita uniche che possono essere sfruttate
quando questi sono utilizzati in scenari reali. Possono camminare su terre-
no complesso, evitare ostacoli, consegnare un carico e manipolare I'ambien-
te, rendendo questo tipo di robot la soluzione ideale per missioni di ricerca
e recupero, ispezione, ed esplorazione. L'implementazione di queste capa-
cita, tuttavia, pone delle sfide sia teoriche che pratiche che devono ancora
essere risolte: robot che camminano non solo richiedono elevata potenza,
ma devono anche essere in grado di navigare in sicurezza nell’ambiente
designato mantenendo l'equilibrio in ogni momento.

Questa tesi presenta algoritmi di pianificazione del moto e di controllo
per locomozione e manipolazione robotica. Lo scopo di questi algoritmi e
quello di spingere lo stato dell’arte della locomozione robotica, cosi come
la coordinazione di questultima con la manipolazione, con 1’obiettivo di
eseguirli su robot controllati in coppia in ambienti reali.

I nostro lavoro ¢ focalizzato sullo sviluppo di algoritmi di pianificazione
e controllo per un robot quadrupede equipaggiato con un manipolatore
robotico. Parti del nostro software sono state utilizzate con successo su altri
robot, incluso un robot quadrupede con ruote ed uno scavatore autonomo.

Presentiamo un software di pianificazione che & in grado di generare
una vasta gamma di modalita di locomozione, tra cui cammino statico,
trotto, passo, salto, e galoppo. Modelli a complessita ridotta sono stati usati
nella pianificazione del moto per assicurare la stabilita del sistema, per au-
mentare 'efficienza computazionale, e per permettere la rapida esecuzione
dell’architettura di pianificazione. In questo modo, il robot pué reagire a
disturbi esterni e a cambiamenti inaspettati nell’ambiente circostante.

Per eseguire questo tipo di movimenti, e stato sviluppato un controllo-
re che sfrutta l'intera dinamica del sistema per tracciare riferimenti nello
spazio operativo. Il controllore calcola riferimenti di coppia per ciascun
attuatore risolvendo una sequenza di task, ognuno dei quali & formulato
come un problema di minimizzazione quadratico.

Risultati sperimentali sono stati eseguiti su ANYmal, un robot quadru-
pede controllato in coppia e sviluppato al Robotic Systems Lab dell’lETH
Zurich e da ANYbotics. Grazie al lavoro presentato in questa tesi, ANY-
mal puo eseguire una vasta gamma di movimenti dinamici, sia in am-
bienti interni che su terreno complesso. Il successo del nostro approccio
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risiede nell'uso di modelli a complessita ridotta per pianificazione velo-
ce e reattiva, nell'uso dell’intera dinamica del sistema per il controllo, e
nell'integrazione delle esperienze acquisite durante test sul campo.
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INTRODUCTION

The aggregate of our joy and suffering, thousands of
con dent religions, ideologies, and economic doctrines,
every hunter and forager, every hero and coward,
every creator and destroyer of civilization, every king
and peasant, every young couple in love, every mother
and father, hopeful child, inventor and explorer, every
teacher of morals, every corrupt politician, every
"superstar,” every "supreme leader,” every saint and
sinner in the history of our species lived there—on a
mote of dust suspended in a sunbeam.

— Carl Sagan, "A Pale Blue Dot"

1.1 motivation and objectives

Since the rst industrial revolution, automation has changed the way soci-
ety evolves and adapts. Through technological advances, mankind's new
companion slowly started to become a practical reality: robots. First coined
by the science- ction author Karel Capek in 1921 in his book Rossum's
Universal Robotgq1], the word "robot" ( robotain Czech) refers to forced
labour. The concept was later developed by the author Isaac Asimov, who
famously introduced the three laws of robotics in his novel Runaroundap-
pearing in the collection Robot Visiond?2] (see the book cover in Figure 1.1).
In his books, robots are often compared to humans. Although constrained
by the programming of their "positronic brains", they can think like hu-
mans and act like them.

One day, robots like the ones dreamed of by Asimov will be our daily
companions. They will aid us performing dangerous tasks, explore remote
areas both on Earth and on other planets, and save lives of humans. Robots
will improve our life in ways that are unimaginable today. Of the many
kind of robots that have imagined by story tellers, some of them have
one trait that connects us deeply with them: they are shaped like humans.
They have legs, arms, hands, can walk, jump, run, and manipulate the
environment. They can make decisions and use their limbs to intuitively
interact with their surroundings, just like humans do. Among the different
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Figure 1 .1: Isaac Asimoyv, in his novel "Runaround" appearing in the collection "Robot
Visions", introduced for the rst time the famous three laws of robotics.

kinds of robots, legged ones are the ideal machines to be deployed in a
world where most of the environment is rough and hard to traverse. In
such an environment, legged machines have a clear advantage in terms
of mobility and obstacle negotiation skills that traditional robots, such as
wheeled and tracked ones, do not have.

Legged and in general articulated systems pose, however, greater chal-
lenges with respect to other robotic systems. They interact with the envi-
ronment through several contact points to manipulate the environment or
to move in it, have high power requirements, and must maintain balance at
all times, while withstanding pushes, slippage and unexpected changes in
the terrain. Walking robots that must navigate through a real-world envi-
ronment and interact with it require powerful computational capabilities.

The day we will see this kind of systems becomes reality is still faraway.
Nevertheless, the recent advances in computational power, manufacturing
capabilities, and understanding of locomotion dynamics have enabled us
to produce impressive results which takes us one step closer to the real-
ity described in science ction. Today, we see walking robots taking their
rst steps outside the laboratories and into the real world. Researchers
have designed systems which have shifted away from the position control
paradigm to compliant force control. The state of the art in motion plan-
ning and control techniques, together with the greater computational capa-
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bility which is now available, has been pushing the boundaries of what was
considered impractical until recent years. Techniques such as Trajectory
Optimization (TO), Model Predictive Control (MPC), and Reinforcement
Learning based algorithms, have demonstrated impressive results on real
systems. All of these approaches, however, require proper understanding
of locomotion principles and interaction with the environment when im-
plementing them on a real system.

The goal of this thesis is to design motion planning and control algo-
rithms, aiming at bringing articulated robots out of a lab and operate on
rough terrain, and to aid us in search and rescue missions and in inspec-
tion tasks. Our approach, tested on a torque-controlled quadrupedal robot
which has been recently equipped with a six-degrees of freedom (DOF)
robotic arm, has been designed with modularity and generality in mind.
The developed planning and control tools are very generic and have been
used to control wheel-based systems and an autonomous excavator. We
build on a TO methods to design a fast and ef cient receding horizon mo-
tion planner which is capable of quickly reacting to external disturbances
and adapting to unseen changes in the terrain. The generated motions are
tracked by a whole-body controller (WBC) which solves a set of prioritized
optimization problems to generate torque for the whole body. Thanks to
the tight integration of these methods with a modular software framework,
we have successfully demonstrated dynamic locomotion behaviours such
as walking, running, jumping, galloping, as well as manipulation skills
such as object grasping and door opening.

1.2 state of the art

In the following, we provide an overview of the history of the develop-
ment of walking robots, as well a description of the planning and control
approaches that are relevant to the work presented in this thesis.

1.2.1 Legged robots: an overview of history and research

Mankind has been trying to develop mechanical devices which could pro-
vide aid to execute tasks for centuries. These systems were mainly based
on wheels due to their simpler design. One of the rst mechanical devel-
opments was a four-legged walking truck from General Electric [ 3]. This
machine was 3.3 m high, 3m long, weighed 1400 kg, and had four legs with
three hydraulically driven DOF each. All joints were directly controlled by
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a human operator which was sitting inside the machine. This kind of inter-
face was very complex to use, and emphasized the need of an automated
solution.

It took until the early 198G to see some of the rst mechatronic legged
solutions. The MIT Leg Laboratory, led by Marc Raibert, pioneered the
design of dynamically balancing legged systems. In 1986 the group devel-
oped a planar one-legged hopping robot [ 4] which demonstrated a mod-
ular control design for hopping motions. This was later extended to a 3D
one-legged hopper [5] and to a 3D biped [ 6] capable of executing a somer-
sault maneuver. During this time, the group also developed a quadrupedal
robot [7] capable of trotting, pacing, bounding, and switching between
these gaits.

In Japan, the rst bipedal robot to demonstrate dynamic walking was
WL-10RD [8]. Balance was obtained by appropriately planning the Zero-
Moment Point (ZMP) [ 9]. This twelve DOF robot was 1.43 m high, 84.5kg
heavy, and driven by hydraulic actuators. In 2000 Honda Motor Co. pre-
sented ASIMO [10], a 26 DOF humanoid robot. ASIMO demonstrated
walking and running by controlling the ZMP. An upgraded version was
unveiled in 2011

In more recent years, thanks to the advances in computation capabilities
and mechanical design, several research groups and companies started to
propose new solutions for walking robots. The Dynamic Legged Systems
group at the Istituto Italiano di Techonologia (IIT), led by Claudio Semini,
developed HyQ [11], a hydraulically actuated quadrupedal robot. HyQ has
three torque-controlled DOF per leg and weighs 75kg. In [ 12], the group
has demonstrated a control framework for a crawling gait which is capable
of walking on slopes up to 50°.

The Legged Robotics group at the Autonomous Systems Lab (ASL), ETH
Zurich, led by Prof. Roland Siegwart, began development of Starl[ETH [13],
an electrically actuated quadrupedal robot driven by series-elastic actua-
tors (SEA). Weighing around 23 kg, StarlETH is capable of walking and
trotting on slopes and rough terrain [ 14]. The group integrated percep-
tion for foothold selection by creating a robocentric elevation mapping
framework ( [ 15], [16]). StarlETH also demonstrated a wide variety of
gaits [17, 18]. The group later evolved into the Robotic Systems Lab (RSL),
led by Prof. Marco Hutter, and presented ANYmal [19] (see Figure 1.2),
an electrically actuated quadrupedal robot. It was used to compete at the
Autonomous Robot for Gas & Oil Sites (ARGOS) and European Robotics
League (ERL) challenges. ANYmal, a 30 kg torque-controlled robot, was de-
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signed for industrial inspection, search and rescue missions, and payload
delivery. ANYmal has been shown walking [ 20], trotting [ 21, 22], and plan-
ning safe footholds using perception [ 16, 23]. Thanks to an intuitive soft-
ware interface [24], ANYmal can perform hand-crafted maneuvers while
keeping balance, allowing it to climb stairs and negotiate obstacle.

Impressive results have been demonstrated by Boston Dynamics in the
last few years. The company has developed walking robots (see Figure 1.3)
that are capable of performing highly dynamic gaits. Unfortunately, very
little is known about the methods used to execute such remarkable maneu-
vers.

1.2.2 Trajectory Optimization

The motion planning problem for a walking robot is a challenging one,
due to the high dimensionality of the state-input space and the combinato-
rial characteristic of the planning problem for hybrid systems. One of the
prominent methods which has gained attention by the research community
is TO, which deals with the problem of nding a system trajectory which
minimizes a given cost function subject to some constraints. The state of
the art in TO has demonstrated impressive results in the kind of motions
that can be produced [28, 29] by generating motions for a wide variety of
maneuvers (e.g., standing up or climbing a wall for a humanoid robot, or
generating a wide variety of gaits for a quadrupedal robot).

Several formulations to solve TO exist. In this dissertation we focus on
direct collocation, an approach which approximates the trajectory as a se-
guence of polynomial splines and nds optimal values for the spline coef-
cients. The problem is transcribed to a Nonlinear Programming Problem
(NLP), formulated as

min f(x) subjectto g(x)= 0 h(x) 0, (@]
X

where x is the vector of optimization variables, f(x) is the cost function,
and g(x),h(x) are equality and inequality constraints respectively. The
NLP can be numerically solved by Interior Point [ 30] or by sequential
quadratic programming (SQP) [31] off-the-shelf software, such as
IPOPT [32] or SNOPT [33].
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