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Abstract

The goals of the research in this thesis are twofold. First, I designed and tested a stair-traversing
controller, which allows RHex to ascend and descend a wide variety of human sized stairs. [
tested the stair-ascending controller on nine different flights of stairs, and the stair-descending
controller on four different flights of stairs. Rhex was run ten times on each flight, and met with
only a single failure out of the one-hundred-and-thirty attempts. Second, we built and tested three
competing leg designs. The second and third leg designs proved adequate for use on RHex,
enabling dynamic and off road behaviors. The stair controller and leg design processes both drew
on lessons from biology, in a process in we call “functional biomimesis”. This framework
guided us while we mimicked the functionally important features of animal morphology and
behavior, while ignoring those features that are irrelevant to locomotion. We compared these
advances with previous work in the field, including work on wheeled and tracked vehicles, as
well as stair-traversing legged robots. Finally, RHex is a new robot, so we present an overview of

RHex’s basic mechanical and electrical designs.



Sommaire

Les objectifs de cette thése se présentent en deux parties. En premier lieu, un contrdleur
permettant le robot RHex de monter et descendre plusieurs types d’escaliers a été congu et testé.
Le contréleur de monté a été testé sur neuf differents types d’escaliers et le controleur de descente
sur quatre. Chaque ascension et chaqué descente a été repétée dix fois par RHex. A la suite de
cent quatre-vingts tentatives, RHex a échoué une seule fois. En deuxiéme lieu, trois differents
types de jambes ont été congus et testés. Le deuxieme et le troisiéme design des jambes de RHex
ont démontrés un fonctionnement dynamique adéquat et une bonne mobilité hors-terrain. Le
développement du contrdleur et le design des jambes ont été inspirés du domaine biologique
appelé ‘functional biomimesis’. Par ce procédé, les comportements de I’animal et la morphologie
de ses membres sont immités pour amener le robot a une mobilité semblable, tout autres
comportements non-reliés a sa locomotion étant ignorés. Les résultats obtenus ont été comparés
aux recherches publiées précédemment, incluant les recherches reliées aux véhicules sur roues et
sur rails en plus de tous les robots mobiles sur jambes capablent de monter des paliers. RHex est
un nouveau robot. Ce document présente ses principales caractéristiques mécaniques et

¢électriques.
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Introduction

1.1 Motivation
The engineer’s strategy for improving the lot of humankind is two pronged: constructing

applications and devising theories that add to our understanding of our environment. These two
facets of engineering are related; theory can lead to applications, but it is difficult to assess the
value of theory in robotics without building and testing a real robot. At the Ambulatory Robotics
Laboratory (ARL) of McGill University, we strive to work in both spheres. A theoretical mindset
helps us to better understand the inner workings of animals, as well as to determine how little
actuation and how few degrees of freedom (d.o.f.) are actually necessary for locomotion. But we
do not build robots simply to test hypothesis about the mobility of animals. We wish to build
machines that can be immediately useful too, and thus satisfy both criteria for an engineering
project. '

On the RHex team, we base our designs upon nature, but we are not ruled by it. Making
compromises and trade-offs is the engineer’s forte. For instance, materials must be chosen while
considering the competing requirements of strength and weight. Nature makes trade-offs too,
through evolution, yet where animals have muscles, robots have motors, where animals have
bone, robots have steel, and where animals have fat, robots have batteries. Not only do our robots
have different actuators, structural materials, and power sources than nature, but we are not even
working towards identical goals. Nature’s trade-offs involve many objectives, some of which are
not relevant to RHex. Animals are not only running machines, but must also find food, and win
mates. Thus we cannot copy nature blindly when weighing design decisions. Functional
biomimesis is the term we use to describe how we arrive at the outline of a design through
mimicry of selected animal features. It is a search for what can be pared away from the
morphology of animals, whether it is DOFs, actuators, or even sensors, in order to leave a system
built purely for locomotion. If we choose correctly and identify the important underlying

principles of animal locomotion, and then verify our intuition through the production of a
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successful robot, we will not only have created a useful, engineered device, but we might also
gain a greater understanding of the neurobiology of animals through simple deduction.

This design philosophy has been directly applied to RHex. The design and control of
RHex was inspired by recent research into cockroach locomotion. Despite limited intelligence,
cockroaches are one of the most mobile animals on earth, and so are very attractive role models
for roboticists. Inroads have been made into understanding the strategies that cockroaches use to
choose leg trajectories, increase efficiency, and maintain stability. We had hoped the success of
RHex would augment these theories, and we believe that the ability that RHex already displays
bears them out.

We envision RHex working in dangerous, dirty, or dull missions (the famous ‘3D’
applications for robots) such as fire fighting, search and rescue, bomb disposal, planetary
exploration, military action, and law enforcement. While RHex had been funded so far by the
U.S. Defense Advanced Research Projects Agency (DARPA) for possible use in military
scenarios, negotiations with NASA are ongoing towards the design of a mini-RHex for a Mars
mission. We have received an IRIS (One of the Canadian networks of Centers of Excellence)
grant to use a version of RHex for underwater exploration; work should begin soon. We have
received a request for a quote to duplicate RHex for a U.K. military R&D department. However,
many of the terrestrial rrﬁssion scenarios, civilian and military, take place in urban settings. Of
these, nearly all require RHex to have high mobility in buildings, which implies the capability to
traverse stairs. These missions place other demands on RHex. RHex needs to be able to adapt to
different terrains, to be reliable, and to be fast. Thoughtful leg design plays an important part in
all of these requirements. Leg geometry even plays a part in stair negotiation: it determines the
path of the hip, and the moment arm of the motor. The challenges of robotic stair climbing and
leg design embody both theoretical and practical concerns, and our answers to them form the

basis of this thesis.

1.2 Authors Contributions

o [ designed legs that satisfy weight, ruggedness, compliance, and manufacturability
requirements with H. Ben Brown of Carnegie Mellon University in the case of the Four-
Bar legs, and with Felix Grimminger in the case of the Half-Circle legs. The designs are
discussed in chapter three.

o 1 built an experimental apparatus, to determine the static force-displacement properties of

three different types of legs: stiff Four-Bar, Hinged Four-Bar and Half-Circle legs. These
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values will be used in future applications of theory to the robot as well as in simulations.

The results and apparatus are discussed in chapter four.

¢ [ designed simple, open loop controllers so that RHex can now ascend and descend a
wide variety of human sized stairs. The behavior is quick, autonomous, reliable, and
operates without prior knowledge of the stair geometry. The controller and the

experiments that were run with it are discussed in chapter five.

1.3 Organization of the Thesis
In Chapter Two I give the reader the background necessary to appreciate the results presented

later in the thesis, in chapters three through five. Drawing on the literature, I examine leg designs
in animals and earlier robots. The literature also allows us to look at examples of other animals
and robots with respect to their ability to traverse stairs. I conclude this background material by
presenting the basic design of RHex in enough detail to expose strengths and weaknesses of the
platform, and by including work on RHex for which others on the RHex team deserve credit.

Chapter Three starts with a summary of the leg design requirements suggested by the
literature survey, and our own intuition. I then proceed to describe the very first ‘compass’ leg
and the design of the three competing leg designs used on RHex.

Chapter Four is concerned with the force versus displacement characteristics of the legs
that we designed and built. I give results of the tests I performed on the legs to determine the
values of these dynamic parameters. This chapter finishes with details of the setup used in the
experiments.

Chapter Five begins with a discussion of the impact the geometry of each leg design has
upon stair traversing. I then detail the controller developed to ascend and descend stairs. The
chapter concludes with the presentation of the reliability, power consumption, endurance, and
specific resistance results I gathered in experiments.

Chapter Six opens with a discussion of the results and implications of chapters three,
four, and five. We then look forward to additional research avenues stemming from these results.
We make hypotheses concerning new leg designs that incorporate additional actuated degrees of
freedom, and potential improvements to the stair-traversing controller. Finally, we conclude with
a summary of the contributions of this thesis.

Throughout this thesis personal the pronouns “I” and “we” are used repeatedly, in a
conscious effort to make the text more readable. “I” refers to the author, of course. I try to make
it clear to whom I am referring when “we” is used. I also believe that this will make it easier for

me to give credit where credit is due. Contrast “RHex was accidentally dropped 3 m onto
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concrete” with ““I accidentally dropped RHex 3 m onto concrete.” It is important that I get credit
for the experimental discovery that RHex can survive such a fall, much as my fellow researchers

deserve credit for their- generally more insightful - discoveries.



Background

Nature and engineers have built many walking systems, and by almost every measure, nature has
proven to be the better engineer. There are laudable robot designs, but animals are more reliable,
mobile, and efficient than men’s best robots. We aim for our robots to have the abilities of
animals, but we work with the tools of engineering, not of nature. Thus there are lessons for us

both in the methods of nature, and the checkered results of engineering.

2.1 Review of Leg Design

We anticipated that not every strand of an animal’s fur, or even the precise topology of its bones
would be critical fo locomotion. QOur main task before building RHex’s legs was then to decide
which traits of an animal’s leg contributes the most to its locomotion abilities, if they indeed
factor into the equation at all. By comparing the features of robot legs with those of animals, and
the resulting abilities of each, we tried to deduce the properties of RHex’s ideal legs. We call this

process “functional biomimesis™!".

Other researchers have had the same goals as us, and used
similar methods, and referred to the same biological research, but have not achieved all of the

desired results. We have been wary of repeating their mistakes.

2.1.1 MAMMALIAN LEG DESIGN
Mammalian legs are worth examining because mammals display all of the characteristics in

which we are interested: speed, agility, and reliability. In addition, RHex’s weight of 7.5 kg
places it in a class replete with mammals. We must ask some pointed questions, though, in terms
of how mammals achieve their success. What are the most important determinants of a
mammal’s success in Jocomotion? Can the neurological system alone take credit for the amazing
locomotion abilities of mammals? And if not the neurological system, what is responsible for the
abilities we are trying to equal? Perhaps there is a common morphology among legs of the

myriad species of mammals that aids in achieving excellence in locomotion?
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Some elements of mammalian leg commonalities are readily visible. Some features, such
as effective spring constant™ and leg thickness™, can even be predicted based on animal weight.
They are simple relationships, based on exponentials. The precise formulas are not the issue; the
fact is that they exist. The data for the relationship between body mass and effective leg spring
constant is given in Figure 2-1. Gleaned from the tried and true methods of extrapolation and
statistics, this type of information is the best guide we have to interpreting the infinitely complex

morphology of animal legs, within an engineering framework.
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Figure 2-1 - A simple linear relationship between animal mass and effective leg spring constant can
be seen on a log-log plot. Given RHex's weight, we can deduce nature’s choice of spring constant,
assuming that we know how many legs RHex will have on the ground at a time. If RHex uses all six
legs, we need a soft spring: only S00N/m. With three legs on the ground, 1000N/m would be more
appropriate.'zl

The first unifying feature of large mammalian legs is a common posture. Large mammals
have a cursorial posture (Figure 2-2), which means that it is optimized for running. This stance is
typified by each of the feet being positioned below the hip, and the width of the support polygon
being small relative to leg length. Figure 2-6 contrasts this stance with that of animals not
optimized for running: small mammals, which have a non-cursorial posture, and animals like
insects and lizards, which use what is known as a sprawled posture. The rationale behind these
other postures is left for later. A cursorial stance requires active control to maintain balance; it is
like an inverted pendulum. Minimal muscle forces and energy is required to stand with this
posture when balanced, because gravify loads are supported by the leg structure, not by muscle
force. 'Hirose gave his sprawled posture robots this benefit by applying sound engineering

principles. This was done by decoupling the motors required to move the robot forward from
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those that raise and lower the COM.") When the COM is at a constant height, a brake applied
enough force to prevent the center of mass from sinking to the ground, while the propuision
motors did their job, preventing any energy losses from simply supporting the bulk of the robot,

but still allowing forward movement.

Figure 2-2 - Simplified mammal with a cursorial posture, that is optimized for speed and efficiency
The second common feature of mammalian leg morphology that is quickly apparent is the
large number of joints. Seven d.o.f.’s (degrees of freedom) can be found in a human leg, not
counting toes, as seen in Figure 2-3. Other mammals, such as a dog, require five per leg, but this

is still a significant number if translated into motors on a robot leg.
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Figure 2-3 - The seven joints needed for rough approximation of 2 human leg. Seven d.o.f.’s per leg
is impractical for a robot. ¥

Our classical training tells us that if we combine mammals’ posture and complexity,
mammalian locomotion will be an unstable, high d.o.f. system, that will requires significant
control and coordination. If this is correct, a perfect imitation of animal leg design is only half of

the solution required to build a robot that can equal animals. This prediction is contradicted by
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hard data pointing to the use of passive dynamics, and not high-level nervous system activity, as

the source of high-efficiency animal locomotion!®**!

According to this idea, animals act as a
simple-to-control spring mass system: they “bounce” on spring-like tendons to store and recover
significant amounts of energy during each step. Of course this is something that has been
understood before, in particular by Marc Raibert, whose pioneering work!” is based on robots that -

implement literally the low DOF compliant pogo-stick model from Figure 2-4.

Figure 2-4 - The body and leg of a running animal can be reduced to a bouncing spring-mass

systemm [7} (53]

This would imply that, at least for locomotion on flat terrain, many of the d.o.f. in animal legs are
redundant, and don’t need to be reproduced in robots that don’t need to eat or procreate, but only
to bounce. It goes without saying that we could not immobilize a dog’s knees and expect the same
running behavior. The argument is that the motion produced by many joints can be replicated by
a well chosen few. A model with few degrees of freedom, and with a simple, low DOF target
dynamics coinciding with that preferred by natural dynamics is eminently controllable. This is a

result that engenders hope for RHex.

If we can mimic structural features of mammals, such as thickness, during robot leg design,
should we do so? While the spring constant may be important to our design, the thickness is not.
We might need to approximate the spring constant to get the same behavior, but the thickness is
only a function of the organic materials of an animal. We design with metals, so we are not
interested in copying the thickness of an animal’s leg. We will be better served by doing a
engineering structural analysis on RHex’s legs. While we want to imitate properties that increase

speed or efficiency, we are not interested in copying every detail of animal legs.
We are left with several important design ideas.
1) We don’t need to copy every detail of mammalian legs in our design.

2) We can predict from biological data what leg spring constant is desirable based on the

mass of the robot.
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3) While we want low energy consumption, which can result from a cursorial stance and
bouncing behaviors, we do not have the tools to solve the control problem presented by

a large d.o.f. leg.

4) At least for locomotion, many of the degrees of freedom in animal legs are redundant,

and can be eliminated, though we should choose carefully those we wish to use.

2.1.2 ARTHROPOD LEG DESIGN
Based on population, insects comprise the most successful experiment in legged locomotion

found on planet Earth. We expect that there is a reason for their success, and we hope we learn
the right lessons from it. As insects are much smaller than RHex, we must take care in taking
cues from insects, lest we are led astray by adaptations of insects that depend on their small size.
Insects provide use with a model of animal leg design that is radically different than that of
mammals, both in posture, and in the reduced complexity of the nervous system. We searched
the literature for the answer to the same questions regarding insects as we did for mammals: how
do they do what they do? What role does the nervous system play, and what role does

mechanical design play?

The cockroach has proved that it has a very successful locomotion strategy due to its speed
and stability over it’s numerous and varied habitats add concrete performance examples: For
example Periplaneta Americana (cockroach) speed > 10 Body lengths/s, maneuverability in
terms of turning speed: > 10 rad/s, and efficiency for arthropods of 0.1-1 J/kg/m/s (specitfic
resistance). Full demonstrated that cockroaches “bounce” in a manner similar to mammals. He
then showed that cockroaches do not require high-level neural control to perform well in all types
of terrain. Instead of high-level control, Full has found that there is a significant contribution to
stability of locomotion from low-level neural reflexes, and from excellent passive leg design,

which relies on simple mechanics for passive stability.!'!

An example of simplifying the control task through mechanical design can be found in the
stance of the cockroach. The cursorial posture of large mammals differs from the posture of most
insects, including the cockroach, in one very important way: an insect’s stance is very wide, and
its feet are not directly below its hip. This is known simply as a sprawled stance. The cockroach
has passive stability, due to its stance, regardless of the terrain it is crossing over, and so it can
rely on very simple leg trajectories for leg coordination. Cockroaches uses two groups of three
legs each to form a pair of tripods. Either tripod can support the full weight of the insect, and the

two alternate support periods. This gait is known as the alternating tripod gait. Low-level
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neurons, not high-level ones, define this, the only cockroach gait, and are responsible for many of

the admirable abilities of the cockroach.

Figure 2-5 - The two phases of the alternating tripod gait. Full circles are legs in stance, open
circles are legs in flight. Center of mass, oval dot, must stay inside the polygon of support
(triangle) formed by stance legs.

Figure 2-6 - Left to right, sprawled, non-cursorial, cursorial postures each have different leg
configurations. Sprawled postures are most stable. Cursorial is fastest and most efficient.

Another positive result of the sprawled stance is that the joint torques of an insect are not
as likely as a mammals to change sign. This is because they are always under some load simply
to support the body. This idea is demonstrated in Figure 2-7. This eliminates the control
problems due to backlash when standing, which is an important consideration for builders of

legged robots! ), even if it is not for insects.

jr T
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Figure 2-7 - Comparison of joint torques for a sprawled posture (left) and a cursorial posture (right)
The sprawled posture requires constant effort to maintain, but the sign of the torque does not
change, while the cursorial posture requires low torques that often change sign.

Recent research shows that the cockroach gives an example of how low-level neurological
feedback can play an important role in locomotion. Consider the cockroach moving at high-
speed over broken terrain. We might expect the cockroach to cross the terrain as humans do,

carefully planning every step, and the best path through the area. It doesn’t, and there is a serious
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impediment to the cockroach following this strategy: the speed of its neurons. When traveling
over broken terrain, the cockroach has very little time to make complicated decisions relating to
foot positioning and path planning. The nervous system has so little time that it isn’t even able to
relay information from the legs to the brain, and wait for an answer.'"! The brain must be taken
out of the loop, and foot placement and leg trajectory decisions left to low-level neurons."? The
low-level nervous system of the cockroach, known as the Central Pattern Generator (CPG),
sends an open-loop signal to the cockroach’s legs, that is known as the Central Pattern." The

CPG commands the legs to follow a set trajectory, and is repeated over and over again.

Important lessons from the world of insects include 1) a reinforcement of the bouncing
hypothesis found in mammals, 2) the importance of a wide stance, and 3) the usefulness of gaits

that use repetitive leg motions to improve stability during locomotion.

2.1.3 ROBOTS WITH STIFF LEGS
There are many robots that do not purposely store energy during some parts of the walking cycle,

and release it during other parts. Included are robots that control leg trajectory with mechanisms,
and robots that are designed to adapt to terrain using high d.o.f. leg kinematics. These robots

generally have trouble reaching high speeds or negotiating obstacles, or both.

A common strategy in obstacle negotiating is to construct a robot with many degrees of
freedom per leg, so that the robot can adapt to the terrain using kinematics. Legs with pointed
toes need only three d.o.f. to have complete freedom in choosing touchdown position. In theory,
at least, the robot should be then able to pick its way across even the most challenging terrain, by
using isolated footholds, and a well-chosen path. Not only have toeholds and paths proven too
difficult for autonomous machines to find reliably, but this technique also requires a stiff, over-
actuated, high d.o.f. leg for precise toe control. This also requires a large number of heavy,
inefficient motors, and leads to high impact loads. It is difficult to reach high speeds with these
robots, as they are limited by their efforts to pick toe positions, and their slow, inefficient

actuators. Several prominent vehicles of this type are shown in Figure 2-8.

An alternate approach to leg motion is to turn to simple mechanisms to produce a
predetermined leg trajectory. Classic examples are shown in Figure 2-9. These machines have
no ability to adapt to the environment, and so must rely on static stability if they are to cover

broken ground.
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Figure 2-8 — Animal shaped robots with rigid legs. Clockwise from top left: Robot III of CWU!™\,
BUR-001 of Northeastern'™*, Lauron II of FZI '"*, and Scorpion of Fraunhofer AIS "¢

SEFANTNE BANLL B
Fuliitvd Teh, 24, 1803,

Figure 2-9 - Mechanism based robots, from left: Mechanical Horse from a 19th century patentm
Meltran II of the AIST (Japan)"®, and Dante of CMU™!,

It is evident that mimicking the motions of animals is not enough if we want to duplicate
the results achieved by nature. We could twiddle our thumbs until motors, power supplies, and
control systems of unimaginable sophistication become available, but even then, it is not assured

that brute force will win the day. Despite the geometric increases in the potency of the
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components we use to build robots, we have not seen a corresponding increase in the abilities of
the whole robot. This can only lead us to conclude that there is a fundamental difficulty
presented in the approach of the robots discussed here. We believe that much of the difference
between success and failure of walking machines can be found in the opportunities presented for
high speed, reliability, and efficiency by the exchange of energy during the walking cycle, and

through the influence on reliability of low-level mechanical feedback.

Energy must be stored and released during the course of the walking cycle in order to make
up for the inadequacies of the peak output power of actuators, and to increase efficiency. Some
researchers over the last twenty years have focused their research on using stiff legs to store
energy. These legs use gravity 