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Problem description

The following thesis will look at the problem of motion planning and control of
dynamic walking in a sprawling quadrupedal robot. It will do so in the following

manner:

« First, a range of existing methods previously used on mammalian quadrupedal

robots will be reviewed.

+ One of the reviewed methods will be selected as a basis for implementation on

the sprawling quadrupedal robot ASTRo.

« The method will be evaluated in simulations on the ASTRo robot as well as on a

mammalian robot (vision60), and results will be discussed and compared.



Abstract

Legged robots have been a topic of research of increasing academic and public interest
for the last half-century. The potential uses for robust autonomous locomotion through
environments which prove difficult for wheeled vehicles are manifold both in the
military and commercial sectors, as well as in the realm of humanitarian work.

The topic is also interesting for strictly academic reasons: The problem of control-
ling such robots in ways that are both secure, robust and flexible enough to handle
varied environments, while simultaneously being energy-efficient, has proven to be a
tremendous challenge. While especially the last decade has seen impressive progress,
the problem of robust dynamic legged locomotion is not a solved problem by any
stretch of the imagination.

In the realm of quadrupedal locomotion, most research so far has focused on robots
with a so-called mammalian leg configuration. However, there are other choices of leg
configurations which are found in the natural world, and which may warrant further
investigation.

One such example, found among other places in arachnids and certain reptiles, is
the sprawling leg configuration. In this thesis we wish to draw upon the rich body of
existing research on locomotion in mammalian quadrupeds, in order to investigate
whether methods found there are easily adapted and transferred for use on sprawl-

ing quadrupeds. We first survey the existing literature on control for mammalian
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quadrupedal locomotion, and select a method.

The selected method, which is based on an extension of the concept of zero-
dynamics to Hybrid Dynamical Systems (HDS), uses trajectory optimization to directly
synthesize a closed-loop IO-feedback-linearization controller which drives the system
dynamics to a zero-dynamics manifold. A method of post-processing is employed to
ensure that the controlled dynamics are exponentially orbitally stable on the manifold,
resulting in an exponentially orbitally stabilizing controller for the system.

A modification was proposed to the control structure suggested in the original
method, which represents a more principled approach to overconstrained systems,
in which the number of actuators is greater than the number of actuated degrees
of freedom. It is also shown that the modified approach results in the same system
behavior, while using equal or smaller amounts of torque.

The method is implemented both on the sprawling quadruped ASTRo and the
mammalian quadruped vision60 from Ghost Robotics, and both are tested in simulation.
The results show that the resulting controller exponentially stabilizes both robots to
period gait behaviors, demonstrating that the selected method is well-suited for use
on sprawling quadrupeds as well. The resulting cost of transport also indicates that
mammalian quadrupeds may have an energy-efficiency advantage over sprawling
quadrupeds, while results obtained for unmodeled ground height changes indicate
that sprawling quadrupeds may be less sensitive to such changes.

Results comparing the original controller structure to the proposed modification,
suggest that there are in practice concrete and potentially significant energy-efficiency

gains to be made from the modification.
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Sammendrag

Roboter med ben har veert et forskningsomrade av gkende akademisk og offentlig
interesse de siste 50 arene. Roboter som evner & bevege seg robust og autonomt
gjennom omrader som byr pa utfordringer for konvensjonelle kjoretoy med hjul vil ha
utstrakte bruksomrader, bade innenfor militeere og kommersielle sektorer, men ogsa
innenfor humaniteert arbeid.

Omradet er ogsa interessant i rent akademisk syemed: Problemet med & styre slike
roboter pa en mate som er sikker, robust og fleksibel nok til & handtere varierte mijoer
- og som samtidig er energieffektiv — har vist seg a veere en formidabel utfordring. Selv
om man seerlig det siste tiaret har veert vitne til imponerende fremgang innen feltet, er
robust dynamisk gange fortsatt ikke i noen forstand et lgst problem.

Innenfor firbeint gange har brorparten av forskning sé langt fokusert pa roboter
med en sakalt pattedyrliknende benkonfigurasjon. Det finnes likevel andre benkon-
figurasjoner, noen eksemplifisert i dyreriket, som fortjener en grundigere behandling
enn sa langt gitt.

Et eksempel pa dette, som vi blant annet finner hos araknider og enkelte reptiler,
er en edderkoppliknende benkonfigurasjon. I denne oppgaven vil vi benytte den store
mengden eksisterende forskning pa gange hos pattedyrliknende roboter, for 4 under-
soke hvorvidt metoder herfra enkelt kan tilpasses og overfores til edderkoppliknende

roboter. Vi begynner med en undersekelse av eksisterende litteratur for regulering av
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pattedyrliknende roboter og velger en metode.

Den valgte metoden, som baserer seg pa en utvidelse av konseptet null-dynamikk
(zero dynamics) til hybride dynamiske systemer, bruker baneoptimering til direkte
a produsere en lukket-slgyfe I0-feedback-lineariseringsregulator som driver system-
dynamikken til en nulldynamikkmangfoldighet. En metode benyttes deretter til &
postprosessere regulatorparametrene, for a sikre at den styrte dynamikken er ekspo-
nensielt orbitalt stabil p4 mangfoldigheten. Dette resulterer igjen i en eksponensielt
orbitalt stabiliserende regulator for systemet.

En endring ble foreslatt til regulatorstrukturen som var foreslatt i den originale
metoden. Denne endringen representerer en mer prinsipiell tilneerming til & handtere
overbegrensede systemer, hvor antall padrag er storre enn antall frihetsgrader pa-
dragene kan pavirke. Vi viser ogsa at denne endrede tilneermingen resulterer i lik
systemoppforsel, og bruker like mye eller mindre padrag.

Denne metoden er implementert bade pa den edderkoppliknende roboten ASTRo,
og pa den pattedyrliknende roboten vision60 utviklet av Ghost Robotics. Begge roboter
testes i simulering. Resultatene viser at den resulterende regulatoren eksponensielt
stabiliserer begge roboter til periodiske ganglag, og demonstrerer dermed at den valgte
metoden er velegnet til bruk pa edderkoppliknende roboter. Den resulterende trans-
portkostnaden peker ogsa i retning av at pattedyrliknende roboter kan ha et fortrinn
over edderkoppliknende med hensyn til energieffektivitet. Resultater fra simulering pa
terreng med umodellerte hoydeendringer, tyder dog pa at edderkoppliknende roboter
kan veere mindre sensitive til slike endringer.

Resultater som sammenlikner regulatoren med foreslatte endringer med den op-
prinnelige regulatorstrukturen, tyder pa at det er konkrete og til tider betydelige

fordeler med hensyn til energieffektivitet ved & benytte den endrede regulatoren.
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Introduction

The process of automating work for increases in productivity has been a hallmark of
most technological revolutions throughout history, illustrated by such examples as the
printing press and the industrial revolution. The next such large-scale disruption in the
conditions under which production occurs - coined as "The fourth industrial revolution”
by economist Klaus Schwab [2] - is expected to rely heavily on the increased assistance
and replacement of human workers by robots. This shift is expected to occur to a
greater or lesser extent across various domains, from industrial and logistics settings,
to construction of buildings and infrastructure, to transportation and goods-delivery,

to search-and-rescue operations, etc.

Each of these domains will require robots with various degrees of autonomy;, situa-
tional awareness and ability to engage with unstructured or unexpected environments.
While a stationary robot will often be appropriate in an industrial setting and a wheeled
robot might be sufficient for a perfectly flat storage floor, any application that requires
navigation in the outside world where the ground may be neither level, flat nor free
of obstacles - or that requires traversing a flight of stairs - will need greater mobility
than is offered by wheels or belts. While airborne robots might fill parts of this niche,

their load-bearing capacities are fairly modest compared to land-borne alternatives,



2 1. INTRODUCTION

and their high power consumption puts hard constraints on their longevity between
charges (assuming a battery power source).

The alternative then, which is in principle both significantly more mobile than a
wheeled robot while outperforming flying alternatives with regards to longevity and
load-bearing, would be legged robots. The transportation mode of legged walking has
been extensively tested for these purposes with some success in the animal kingdom.

However, the problem of robotic walking introduces distinct difficulties and is a
significantly more complex task than wheeled locomotion. If the robot has revolute
joints - which is the typical case - its kinematics and dynamics are highly nonlinear,
and the linearization of such dynamics would not be valid for a very large portion of
the robot’s configuration space.

The robot is also by necessity underactuated: A walking robot moves itself by the
reaction forces from pushing on the ground beneath itself. Firstly, this bars the robot
from moving downwards at any greater rate than what is dictated by gravitational
forces. Secondly, these reaction forces must lie within a cone which is determined by
the friction coefficient of the specific ground material, so as to not slip. The robot may
be in configurations where it is locally fully actuated, in so far as it may change its
configuration in any direction with some bounded acceleration. It may also perform
entire gait patterns where this is the case. However, these gaits, known as static
gaits, are known to be quite energy-inefficient. Thus, in order to achieve energy-
efficient dynamic walking, the robot must exhibit behavior in which it is also locally
underactuated (in that it may only change its acceleration in certain directions of the
configuration space) for parts of or the entirety of its gait.

Walking robots are also examples of hybrid systems, that is, systems where the
state undergoes both continuous dynamics, and discrete jumps in state space and
dynamics. Such jumps will occur at any point when the robot either lifts a foot from
the ground or puts it down. All of these factors contribute to making legged locomotion
a continually challenging control problem, which may require as well as motivate
research into novel control methods.

In the last few decades, research on walking in both bipedal and quadrupedal robots

have made significant progress. Both academic endeavors and emerging commercial



efforts have contributed to advances that has taken walking robots from the realm of
science fiction to what seems to be close to industry-ready products. On the commercial
side, Boston Dynamics and ANYbotics have impressed with robots such as Spot and
Atlas, and ANYmal, respectively, and both offer quadrupedal robots for sale to be
used for work such as inspection of industrial sites. In the academic realm, notable
contributors are MIT - lately behind robots such as the series of Cheetah-robots as
well as being the cradle of Boston Dynamics - Caltech’s AMBER lab - known for work
on robots such as Cassie and DURUS - and ETH, behind StarlETH, the predecessor of
the ANYmal robot.

However, most research on quadrupedal robots has been focused on robots with a
leg configuration resembling that of mammalian animals such as dogs, cats, or cheetahs,
where the hip abductor/adductor joint has a rotational axis which is aligned with the
length of the animal’s body. A different choice, also represented in nature in both
reptilian and arachnid animals, would be the sprawling leg configuration. In such
a configuration, the hip abductor/adductor joint axis is not aligned with the body
lengthwise, but is rather orthogonal to the flat ground and the frontal plane of the
animal. While the mammalian configuration might exhibit certain advantages with
respect to energy efficiency, it is plausible that sprawling quadruped robots might be
more robust to disturbances or uneven terrain: They have the ability to widen their
stance. This again increases the area of their support polygon and with it, their safety
margin with respect to falling over. This is likely to translate into a greater robustness
against falling when faced with rough terrains or unforeseen obstacles.

It would thus be of interest to draw on and build upon the rich already existing
literature on walking in mammalian quadrupedal robots and investigate whether it is
straightforward to transfer such methods and adapt them for sprawling quadrupeds.

In selecting such a method, we are interested in the following properties:

+ Does the method allow for mathematical proofs of orbital stability or disturbance

rejection? (Control-theoretical soundness)

« Can the resulting gait be exhibited over long periods of time without the robot

losing its balance? (Empirical demonstration of stability)
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« Is the energy expenditure and maximal torque output reasonably low? (Energy

efficiency)

« Can the method be altered with relative ease (no structural changes) in order to

produce a variety of gait behaviors? (Flexibility)

In reviewing the success of the adapted method to a sprawling quadruped, we will
be interested in evaluating how these properties hold for the method on a sprawling
quadruped, and considering how this compares to the results from the method on a
mammalian quadruped.

Furthermore, we posit two hypotheses at the outset, whose plausibility will later

be reviewed in light of the presented evidence:

« The gait of the sprawling quadruped will be less sensitive to unmodeled terrain
changes than that of the mammalian quadruped, due to its wider support polygon

relative to the base size

« The gait of the mammalian quadruped will be more energy efficient than that of
the sprawling quadruped with respect to Cost of Transport (CoT), as the wide
stance of the latter may result in more torque being needed to enact a certain

force on the base

In order to investigate these questions, we will first perform a literature survey,
getting an overview of the existing body of research on mammalian quadrupedal
dynamic locomotion. Having evaluated the apparent strengths and weaknesses of
each method with respect to these measures, we will select one for further evaluation
by adapting and implementing the method for our own sprawling quadruped ASTRo,
designed and built in [3]. Additionally, we will implement it on the mammalian
quadruped vision60 developed by Ghost Robotics for comparison purposes.

Following this, we will simulate the closed-loop systems for various gaits and
evaluate their performance on measures of energy efficiency and torque use — CoT and
Root Mean Square (RMS) torque as well as peak torque output — as well as adaptability
to unmodeled changes in ground height. We then build on a method for full-order
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model-based control previously tested on mammalian quadrupeds and adapt it to the
sprawling quadruped robot ASTRo, designed and built in [3]. Further, we implement
the method for both the mammalian quadruped vision60 developed by Ghost Robotics
and ASTRo and compare the two on measures of energy efficiency and robustness in
simulation.

The observant reader might have noticed that it might be difficult to evaluate
whether a given outcome with respect to energy efficiency is best explained by dif-
ferences in the suitability of the method, or by inherent differences caused by the leg
configuration which would be present regardless of chosen method. This as well will

be discussed in light of the observed results and the chosen method in chapter 5.

1.1 Assumptions

The assumptions made in the development and applications of the methods in this

thesis are as follows:

+ The robot’s links and body are all perfectly rigid, and the framework of rigid

body dynamics is appropriate for modeling the system.

+ The robot’s foot experiences no slipping or sliding while in contact with the
ground, so long as the ground reaction forces are within a friction cone given

by a constant friction coefficient.

+ The robot’s foot contact with the ground can be modeled as a point contact,
where there is only translational friction along the ground plane but no rotational

friction along its normal axis.

The establishing or breaking of contact between the robot foot and the ground

are both instantaneous, and are well modeled as discrete dynamical events.

1.2 Contributions

The contributions of this thesis are
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« Evaluation of the suitability of the selected method for use with sprawling

quadrupeds through implementation, stability analysis and simulation results

« Comparison of the method implemented on one mammalian and one sprawling
quadruped on response to unmodeled ground height changes as well as on

measures of energy and torque expenditure in simulation

« Extension and systematization of Poincaré stability analysis for hybrid systems

(as described in [4]) to the case with an arbitrary number of continuous domains

« Proposed modification of the controller from the selected method to handle
overconstrained systems (more actuators than actuated degrees of freedom) in a

more principled manner, with proof of at-worst equivalent torque use

« Empirical demonstration of reductions in energy and torque expenditure with

modified controller for both mammalian and sprawling quadrupeds in simulation

1.3 Outline

The thesis proceeds in the following manner: First, in chapter 2 a literature review is
conducted in which previous research is discussed in order to give an account of the
current state of the field. Following this, a description is given in chapter 3 of the model
of the system for which the methods are developed. Then, the theory and methods are
presented and explained in chapter 4. The results are presented in chapter 5, alongside
a discussion of their implications as well as possible limitations. Finally, a conclusion

is given in chapter 6 along with a discussion of possible directions for further work.



Literature Review

Several different approaches have been taken to the problem of robotic walking, and
to quadrupedal robot locomotion in particular. In what follows, a selection of such
efforts is presented in order to give an overview of the history and current state of the
field.

Sections 2.2 to 2.4 are from the specialization project report [1] and are restated

here for the benefit of the reader.

2.1 Selected methods

We first give a short overview of the methods we selected. In [5], Hereid et.al. intro-
duces a formulation for trajectory optimization for humanoid robots. The formulation
differs from standard offline trajectory optimization-approaches in its inclusion of
an IO0-feedback-linearization controller in the optimization problem. Thus, what is
synthesized is not an open-loop set of torques, but a closed-loop control policy. This
method is extended to a quadrupedal mammalian robot in [6] by Ma et.al.
Furthermore, [4] introduces a systematic method to tune controllers that can be

parameterized by a finite-dimensional parameter vector to guarantee exponential
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orbital stability. For certain classes of controllers, e.g. I0-feedback-linearization
controllers for underactuated systems, finding a choice of parameters that renders the
full state asymptotically stable is far from trivial, making suc<ns1:XMLFault xmlns:ns1="http://cxf.apache.org/bindings/xformat"><ns1:faultstring xmlns:ns1="http://cxf.apache.org/bindings/xformat">java.lang.OutOfMemoryError: Java heap space</ns1:faultstring></ns1:XMLFault>