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Abstract

The goals of the research in this thesis are twofold. First, 1 designed and tested a stair-traversing

controller, which allows RHex to ascend and descend a wide variety of human sized stairs. 1

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 thèse se présentent en deux parties. En premIer lieu, un contrôleur

permettant le robot RHex de monter et descendre plusieurs types d'escaliers a été conçu et testé.

Le contrôleur de monté a été testé sur neuf differents types d'escaliers et le contrôleur de descente

sur quatre. Chaque ascension et chaque descente a été repétée dix fois par RHex. À la suite de

cent quatre-vingts tentatives, RHex a échoué une seule fois. En deuxième lieu, trois differents

types de jambes ont été conçus et testés. Le deuxième et le troisième design des jambes de RHex

ont démontrés un fonctionnement dynamique adéquat et une bonne mobilité hors-terrain. Le

développement du contrôleur et le design des jambes ont été inspirés du domaine biologique

appelé 'functional biomimesis'. Par ce procédé, les comportements de l'animal et la morphologie

de ses membres sont immités pour amener le robot à une mobilité semblable, tout autres

comportements non-reliés à sa locomotion étant ignorés. Les résultats obtenus ont été comparés

aux recherches publiées précédenunent, 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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Chap 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 animaIs, 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 animaIs. 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 animaIs have muscles, robots have motors, where animaIs have

bone, robots have steel, and where animaIs 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, sorne of which are

not relevant to RHex. AnimaIs 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 animaIs, 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 usefuI, engineered device, but we might also

gain a greater understanding of the neurobiology of animaIs 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 Iimited intelligence,

cockroaches are one of the most mobile animaIs 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 disposaI, planetary

exploration, military action, and law enforcement. WhileRHex 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 mission scenarios, civilian and military, take place in urban settings. Of

these, nearly aIl 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. Thoughtfulleg design plays an important pali in

aIl 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 theoreticai and practical concerns, and our answers to them form the

basis of this thesis.

1.2 Authors Contributions
• l 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.

• l built an experimental apparatus, to determine the static force-displacement properties of

three different types oflegs: stiffFour-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 weIl as in simulations.

The results and apparatus are discussed in chapter four.

• 1 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 mn with it are discussed in chapter five.

1.3 Organization of the Thesis
ln Chapter Two 1 give the reader the background necessary to appreciate the results presented

later in the thesis, in chapters three through five. Drawing on the literature, 1 examine leg designs

in animaIs and earlier robots. The literature also allows us to look at examples of other animaIs

and robots with respect to their ability to traverse stairs. 1 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. 1 then proceed to describe the very first 'compass' leg

and the design of the three competing leg designs used on RHex.

Chapter Four is concemed with the force versus displacement characteristics of the legs

that we designed and built. 1 give results of the tests 1 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. 1 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 1 gathered in experiments.

Chapter Six opens with a discussion of the results and implications of chapters t11fee,

four, and five. We then look forward to additional research avenues stemming from these results.

We make hypotheses conceming 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 "1" and "we" are used repeatedly, III a

conscious effort to make the text more readable. "1" refers to the author, of course. 1 try to make

it clear to whom 1 am referring when "we" is used. 1 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 "1 accidentally dropped RHex 3 m onto concrete." It is important that l get credit

for the experimental discovery that RHex can survive such a faH, much as my feHow researchers

deserve credit for their- generaHy more insightful - discoveries.
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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 animaIs are more reliable,

mobile, and efficient than men's best robots. We aim for our robots to have the abilities of

animaIs, 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 to locomotion. Our 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 aIl. By comparing the features of robot legs with those of animaIs, and

the resulting abilities of each, we tried to deduce the properties of RHex's ideallegs. We calI this

process "functional biomimesis,,[IJ. 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 ofrepeating 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. ln addition, RHex's weight of 7.5 kg

places it in a class replete with mammals. We must ask sorne pointed questions, though, in tenns

of how mammals achieve their success. What are the most important determinants of a

mammal's success in locomotion? 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 ofmammals that aids in achieving excellence in locomotion?
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Sorne elements of mammalian leg commonalities are readily visible. Sorne features, such

as effective spring constant[2] and leg thickness[3J, can even be predicted based on animal weight.

They are simple relationships, based on exponentials. The precise fonnulas 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 infonnation is the best guide we have to interpreting the infinitely complex

morphology of animal legs, within an engineering framework.

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 ail six
legs, we need a soft spring: only SOON/m. With three legs on the ground, 1000N/m would be more
appropriate.121

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 animaIs not

optimized for running: small mammals, which have a non-cursorial posture, and animaIs 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 gravity 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.[4] 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 propulsion

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.

Hlp
Pitch
Yaw
Flon

Ankle
Fitch
Ym
Roll

Figure 2-3 - The seven joints needed for rough approximation of a human leg. Seven d.o.f. 's per leg
is impractical for a robot. 151

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 animalleg design is only half of

the solution required to build a robot that can equal animaIs. This prediction is contradicted by



Chapter 2

hard data pointing to the use of passive dynamics, and not high-level nervous system activity, as

the source of high-efficiency animal 10comotion[6][53] According to this idea, animaIs 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[7] is based on robots that

implement literaIly the low DOF compliant pogo-stick mode! from Figure 2-4.

Figure 2-4 - The body and leg of a running animal can be reduced to a bouncing spring-mass
system[9] [71 [531

This would imply that, at least for locomotion on fiat 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 weIl 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 controIlable. This is a

result that engenders hope for RHex.

Ifwe 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 ofmammalian 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 successfullocomotion 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 radis, and efficiency for arthropods of 0.1-1 J/kg/m/s (specifie

resistance). Full demonstrated that cockroaches "bounce" in a manner similar to mmmnais. 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 stabilityY 1
]

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-Ievel ones, define this, the only cockroach gait, and are responsible for many of

the admirable abilities of the cockroach.

o o
o o

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 sorne 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 rohotS[48J, even ifit is not for insects.

\ \ \ \ \\

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, white the cursorial posture requires low torques that often change sign.

Recent research shows that the cockroach gives an example of how low-Ievel neurological

feedhack 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

..... 10 ~
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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.[Jl] The brain must be taken

out of the loop, and foot placement and leg trajectory decisions left to low-level neurons. [12] The

low-Ievel nervous system of the cockroach, known as the Central Pattern Generator (CPG),

sends an open-100p signal to the cockroach's legs, that is known as the Central Pattern. [13] 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 controlleg 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 ofthis type are shown in Figure 2-8.

An altemate approach to leg motion is to tum 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 coyer

broken ground.

... Il ..
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Figure 2-8 - Animal shaped robots with rigid legs. Clockwise from top left: Robot III of CWU I13I•

BUR-OOI of Northeastern [141, Lauron II of FZI 1151, and Scorpion of Fraunhofer AIS 116[

~NH~it(.n -~:#;h;l:

'h~~'~_iH J'.$k H, t%(B.

Figure 2-9 - Mechanism based robots, from left: Mechanical Horse from a 19th century patent17l ,
Meltran II of the AIST (Japan)[181, and Dante of CMU[191.

It is evident that mimicking the motions of animaIs 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

...... 12-
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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 be1ieve 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-Ievel 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 to passively store energy during parts of the walking cycle, as

some animaIs do in walking. We believe that these robots represent a step forward, but they have

not been able to emerge from the lab, and enter the real world. Examining the results of these

projects should yield many clues to us as we designed RHex.

What are the strengths and limitations of using gravity to store energy? The idea is

conceptually simple: the center of mass of the robot must be raised to store energy and lowered to

release it. Most walkers have achieved this by having stifflegs that force the hip to change height

as it passes over the foot during a stride. This is known as the compass gai! and is illustrated in

Figure 2-10.

Figure 2-10. - Biped compass walker[331• COM is highest when it passes over foot. Energy is stored
in change in height.

While this technique can be found in nature for walking, it is not used for high-speed

locomotion, because the rate at which energy can be stored and released is limited by gravity.[20]

This is a useful model for efficient, low-speed locomotion, but it we will need another model to

achieve our goal ofhigh speed. Another way to store and release energy is to use compliant legs.
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Figure 2-11 - Unpowered walkers that store and make use of potential energy. LeCt the Cornell
Passive Walkerl491 , right Cornell Wisse/Collins Passive Walker[SOI.

2.1.4 ROBOT WITH COMPLIANT LEGS

Can springs help provide an effective model for legged machines? After viewing the

success that animaIs have using their tendons as springs, we believe that they cano But storing

potential energy in a spring, rather than gravity, poses a difficult set of engineering challenges to

be overcome when creating a leg design. There are often problems with damping, reliability, and

control of the exact spring constant used.

Several different spring technologies have been used to address the challenge of adding

compliance to legs to allow a bouncing motion. Sorne robots have been built with pneumatic

actuators, in which an air cylinder has served as both an actuator and a spring. Other robots have

been built with telescoping joints, like the pneumatics, but with common coil springs inside. In

addition to these broad, and more commercially available, categories of springs, there are many

other prototype springs used by robotics researchers. These include custom leaf springs, shape­

deposited rubber springs, and many more. Each class of spring has strengths and weaknesses,

choosing a spring will determine which difficulties in our design will be most pressing.

The two most common spring designs, pneumatic and coil, have similar pros and cons.

These designs have their strengths: the designs are commercially available, the designer has

precise control over the value and direction of the spring constant, and off-axis stiffness can be

made very high. These features allow for easier analysis of the robots dynamics. There are

drawbacks of course. First, they are heavy. In addition, they do not react well to non-axialloads.

During high non-axial loading conditions, such as under the impact loads of running, sliding

.... 14 ~
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friction can increase significantly, to the point where the mechanism ceases to function entirely.

Another flaw is the high number of parts that both designs require, which can lead to reliability

issues. Finally, these robots performed poody on natural obstacles. So while this spring

technology was selected for use on many running robots, including Raibert's monopods, biped,

and quadruped[7J, and ARL's Monopods, and ScoutS[22J,[23], we must view this design with sorne

caution.

Figure 2-12 - Robots which use prismatic springs to store energy. Left - Raiberts Planar biped at
MIT used pneumatic springs[71• Right - McGiII Scout II used coil springs[231

We have little information conceming prototype spring designs used in other robots. We

can only draw upon our engineering knowledge and extrapolate information. Pneumatic springs

have been used with great success by almost all of Raibert's robots. However, in his pneumatic

piston designs, a pneumatic pressure supply is needed to replenish pneumatic losses. This doesn't

lend itself to autonomous robot designs. Hermetically sealed (bladder or muscle-type) pneumatic

springs haven't been used successfully to our knowledge, even though this might be promising

idea. Designs hased on rubber or other polymeric materials, for instance, will probably have

problems either with fatigue, or damping (not travel limitations, can get 300-600% strain for

rubber extension springs). Rubber has been used successfully as a hip spring to provide leg swing

motion and he1p improve running efficiency in ARL Monopod II. [9] Rubber springs share a

drawback with leaf springs; the designer has less precise control over the magnitude and direction

of the spring constant. On the other hand, these designs are generally lightweight, and compact.

If the other engineering prohlems can he surmounted, these types of designs hold promise.

Sprawlita, Patrush, Spring Flamingo, and the Bow-Legged Hopper exemplify good designs using

non-standard spring mechanisms, and are shown in Figure 2-13 on the following page.

.... 15 ~
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Figure 2-13 - Left to right - simplified models, more precise diagrams, and photos of robots with
compliant legs. Top to bottom - Sprawlita[581, Patrushl561, Spring Flamingol571 , and the 3D Bow
Legged Hopper[59J• Each of these leg designs is an attempt to overcome the problems of complexity,
damping, and high mass that are common to telescoping spring designs.
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Each of the four legs shown on the previous page has taken a different approach.

Sprawlita[58J has compliance built right into its hip, since the hip is made with an elastomer via

shape deposition. The shape deposition process gave the designers precise control over the

composition and geometry of the hip spring. The designers ofPatrush avoided exotic technology,

and used extension springs with a mechanism,[56] thus avoiding the need to constrain the motion

of the spring via a telescope. Spring Flamingo too uses old technology, but in a more interesting

way. It puts a spring in line with the motor, and uses force feedback from the spring to not only

store energy, but also to get force control[57J. Final1y, the Bow-Legged Hopper uses a novel

fiberglass leaf spring to store energy during stance. In addition the hopper can control the timing

of the release of that energy through the use of a control string and a clutch mechanism[591. The

common denominator of these leg designs is that while they are fast and efficient in the

laboratory, none have yet met the basic goal of any engineering endeavor - usefulness. Every one

of these robots has sorne significant drawbacks, either needing tethers, information about the

ground, or sorne other simplification.

2.2 Stair Traversing

2.2.1 STAIR TERMINOLOGY

Several sets of common terms need to have their meanings refined in order to facilitate later

discussion. The terminology related to stairs geometry includes rise, run, and tread. These tenus

are illustrated in Figure 2-14. For this thesis, we will be concemed primarily with the rise and the

run of the stairs. Our control1er must be immune to problems arising from smal1 variations in

stair geometry in order to be practical, and the stair width is assumed large with respect to the

width of RHex, so that it is not a factor during stair traversaI.

Ed~~ "<lad ~ Stml' \Vidtbi
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Figure 2-14 - Stail' Geometry Terms [241
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Nearly aU of RHex's leg motion occurs m the sagittal plane, (sagittal plane - a

longitudinal plane that divides the body of a bilateraUy symmetrical animal into right and left

sections.!) which is the plane that divides RHex into a left and right half. Figure 2-15 gives a

view of RHex in the sagittal plane. This figure illustrates other terms that will be important, such

as hip, where the motor is attached, toe, the end of the leg, and body.

Figure 2-15 - Sagittal plane representation of RHex with circle legs.

2.2.2 WHEELED, HVBRID, AND TRACKED ROBOTS

Wheeled, tracked, and wheellieg hybrid vehicles have met with varymg success m stair

navigation. Stairs has generaUy stymied wheeled vehicles. Hybrid vehicles, such as Shrimp III

have met with sorne success on stairs. Tracked vehicles such as Helios, Merlin, Andros Mark V­

A, MRV-I, Packbot and others have aU demonstrated degrees of stair traversing ability. Figure

2-16 shows sorne of these robots in action. A tracked robot needs several attributes to traverse

stairs: treads with sizable teeth, powerful motors, a body that is at least two edge to edge lengths

long, and a low center of mass. Sorne flights of stairs may thwart this simple strategy. Spiral fire

escapes or older stairs with very round corners may not allow studs to grip the stair evenly.

1Excerpted from The American Heritage Dictionary of the Eng/ish Language, Third Edition Copyright ©
1992 by Houghton Mifflin Company. Electronic version licensed from Lernout & Hauspie Speech Products
N.V., further reproduction and distribution restricted in accordance with the Copyright Law of the United
States. Ali rights reserved.
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Figure 2-16- Stair climbing tracked robots -left to right the MURVI261, Vanguardl251

Wheeled robots are a very large c1ass. Wheels are very efficient, and universally

acknowledged and accepted as a mode of efficient, high-speed locomotion. Simple wheeled

vehic1es based on automotive style designs have not had much success, however, on heavy

terrain, or stairs. Sorne ofthe handful of existing examples relies on being able to move the axles

relative to each other and the body, and others simply rely on being much larger than the stairs.

They can still be effective. For instance, the DeKa wheelchair c1imbed the first level of the Eiffel

Tower[29J•

Figure 2-17- wheeled stair climbing vehicles, clockwise from top - Helios l, the DeKa wheelchairl291

and the al_FahdI281 •
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The fiat terrain speed and efficiency of wheeled robots has led some robotics researchers

to blur the line between wheeled and legged machines. A wheeled vehicle can have very large

travel in its' suspension, this travel can even be controllable, as is the case with Shrimp III.

Shrimp III has displayed some of the most impressive rough terrain ability of any vehicle with

wheels of which we are aware. [30]. It can traverse some stairs, and cross many types of terrain. lt

does require that the rise of the stair have a solid rise, so many wooden stairs and fire escapes

would stymie Shrimp III. The power required to traverse with wheels forced Shrimp III and other

hybrid vehicles to use higher gear reductions than normally found on wheeled vehicles; this

counteract the natural speed and efficiency advantages of wheels.

Figure 2-18- The Shrimp III - a very effective small wheeled robot. Shrimp III's suspension travel is
so large, it effectively has legs.

The iRobot Packbot is an excellent example of tracked robot design. At the current time, it

1S the one of the most mobile robots ever built, though it still does not challenge animal's

supremacy[31]. It uses a segmented body with two sets oftracks with ridges to grip and traverse a

wide range of stairs. It can even tum in place on some stairs. It is unknown how even Packbot

performs on especially challenging fiights of stairs.
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Figure 2-19 - the iRobot Packbot is one ofthe most mobile robot on earth, at the time of publication.
It uses an articulated body and two independent sets of tracks.

2.2.3 LEGGED ROBOTS
Sorne legged robots have successfully demonstrated stair traversing, but they represent only a

small percentage of walking vehicles. A variety of techniques have been used to endow each

robot with the ability to traverse stairs. Sorne have approached the problem using a slow

methodical approach, feeling out the stair like a blind man. Others have used advanced sensors or

foreknowledge of the stairs to place feet precisely. A few have even used this knowledge to

ascend and descend dyna,mically. Each of these approaches has advantages, and areas where we

could hope for improvement.

The SD-2, built by Zheng and Golden in 1990, was the first biped to climb stairs[33] (Figure

2-20). It used a static gait, and relied on torso movement to keep the COM above the feet. It

could only climb small stairs, and relied on tethers for computation and power.

Hirose built several quadrupeds, including the PV-II and the Titan series. An example of

this group, the Titan VI, is shown in Figure 2-20. Their approach benefits from not requiring

infonnation about the stairs before traversing them. It is a trial and error approach that, while

reliable, requires significant energy consumption. Hirose's robot, Titan VI required a tether for

power and computation.

Matsumoto built a robot that could ascend flights of small stairsYS] It is a hybrid biped,

with wheels on its feet, and could roll to the end of each step, before proceeding to traverse the

next step, but it should be considered a legged robot because the legs are so long, and the wheels

so small. It was limited to very small steps, and required a tether for power, and computation.
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Figure 2-20- stair climbing robots, clockwise from top left: Titan VI[321, SD_2[331, Odeticsl341 , Honda
P3 [351, WL_IORD[361, wheeled-Ieg type biped[351.

The WL-IORD ascended and descended stairs with a lOcm height at a rate of 2.6 seconds

per stair[36J. Like the sD-i331, it used significant trunk motion to maintain stability.

Recently the Honda humanoid traversed stairs quasi-statically.[37] Engineers at Honda

recorded movies of humans ascending and descending stairs, and used them to deterrnine

composite trajectories for the robot. Using knowledge of the stair position and size, the P3 is thus

able to ascend and descend stairs. While autonomous, P3 is not ready for the real world due to

the limitations placed on it by its limited repertoire of motions.

Here at ARL, Yamazaki worked on ascending a single step with the Scout 1 quadruped. [8]

This robot, had stiff legs, and stored energy in a rocking motion. [22] lt was power, but not

computation, autonomous, and required knowledge of the step a priori. Scout 1 was unable to

climb multiple stairs.
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Figure 2-21- Scout 1 climbs a single step

Raibert built a tethered, planar biped that could hop up and down stairs dynamicaIly, given

knowledge of the stairs placement and size.[38] Raibert's robots made extensive and ground­

breaking use of springs, as discussed in the leg design section. The speed of Raibert's biped

represents the ideal case. Unfortunately, it also required power and computation tethers, and

prior knowledge of the stairs.

There are many stair traversing legged robots, but we know of none that have met our

goals of speed, efficiency, reliability, and autonomy from tethers. The only legged robots that we

know ofwhich can ascend and descend human scale stairs without a tether are the Honda P-2 and

P-3 robots. It is interesting to note that knowledge of the stairs seems to be involved in the trade­

offfor higher speed and efficiency.

2.2.4 BIOLOGICAL INSPIRATION
Stairs are larger obstacles than the rocks and other natural barriers previously overcome by RHex.

Insects use several different gaits, whereas RHex only has the alternating tripod gate. It is

instructive to examine how insects traverse very large obstacles.

Whether on flat ground or during obstacle crossing, most insect gaits fall into a category

known as the metachronal gaits. In these gaits, also known as back-to-front-wave gaits, aIl legs

perform the same stepping motion, but sorne legs are out of phase with others. If the animal has

enough legs, a back to front "wave" emerges because of this phase difference. Both millipedes

and cockroaches use back-to-front wave gaits, such as the cockroach's alternating tripod gait.)
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Figure 2-22 - A centiped using a back to front wave gait with contralaterallegs out of phase. Similar
to the alternating tripod gait.140

]

While the cockroach uses the alternating tripod gait at an times, the millipede changes its

gait based on speed. Why do millipedes change the types of gaits that they use? Why don't

cockroaches? The millipedes gait for medium and high-speed locomotion has contralateral legs

out of phase with each other, which corresponds to the tripod gait of the cockroach. 14 When

moving slowly, or crossing obstacles, however, the millipede's contralaterallegs are in phase..

Figure 2-23 - A millipede using a slow, powerful gait in which paired legs work in phase, resulting in
a back to front wave.[41]

Stability is not easy for the cockroach to maintain if its' contralateral legs are in phase,

because it has only six legs, compared to the many in the millipede. It is difficult for it to keep

its' COM over the polygon of support created by the other legs. When negotiating a significant

obstacle however, the increased yaw stability inherent in such an arrangement gives the millipede

an advantage over the cockroach. Slow and steady will win this race

When slow patterns of gait are employed, with the backstroke of longer duration than the
forward stroke, many legs are propulsive simultaneously, and paired legs move in similar
phase (Diplopoda [millipedes] and Symphyla) thereby giving an even thrust from the body
and no tendency to undulate in the horizontal plane. [39, p312-313]

Nature makes trade-offs in gait selection when obstacles become a factor. Slow speed is an

acceptable trade for increased rough terrain ability.

...... 24 ~



Chapter 2

2.3 Previous Work on RHex
Before 1 begin a discussion of recently completed work with RHex, 1 would like to present to the

reader sorne basic information about RHex's geometry, electronic hardware, actuation, and power

system. In addition, 1 would like to introduce the ongoing research of other RHex team members,

2.3.1 MECHANICAL DESIGN

RHex is a small robot, as is evident from the values for basic properties given in Table 2-1. A

picture is shown in Figure 2-24. We adopted a simple aluminum space frame for the body, with a

Lexan cover to protect the electronics from obstacles. RHex is a hexapod so it has six legs. Each

leg has only a single motor attached to it at the hip. This allows each leg to rotate in the sagittal

plane. In addition, each leg is compliant, giving it an additional, passive, radial degree of

freedom.

Figure 2-24 - RHex in rough terrain

Body Mass MB ~7.0 kg

Leg Mass ML ~O.l kg

Body Length LB 0.51 m

Body Height HB 0.127 m

Leg Length (unloaded) LL 0.16 m

Hip Stall Torque 'trnax ~7 Nm

Hip N0-Load Speed (ümax ~5 rpm

Table 2-1- Basic RHex parameters

The commands of the CPG can guide us in our goal ofreducing d.o.f.'s in our leg designs.

If legs repeat the same motion without fail, we can, as stated earlier, supply that motion easily

with a limited number of d.o.f.' s. Explicit knowledge of the CPG of the cockroach helped us pick

the d.o.f.'s that we incorporated into RHex.

2.3.2 ELECTRICAL DESIGN

We must be aware of the strengths and limitations of the electrical system if we are to design

controllers that use the motors, and mechanical systems to support the guts of the robot. More

detailed information can be found in the RHex October 2001 Technical Report.

RHex is electrically actuated by brushed DC motors, and it is completely power and

computation autonomous. RHex has Maxon Motors with a 33:1 planetary gearhead. Power is

provided by a 24V NiMH battery pack with a nominal capacity of 3 Ah. These batteries can

discharge at very high rates, and still maintain high efficiency. On-board computation is

performed by a PC104 form factor Pentium II, running the QNX 4.0 real-time OS. This
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computer is powerful enough that our controllers can mn at a rate of 1 kHz, and a real time OS

prevents foolish problems due to timing issues in controllers. Coding is done in C++ with the

Watcom compiler; C++ is flexible enough to allow us to design new controllers quickly. We

write our controllers in a software environment called RhexLib, which was written for RHex by

Oluc Saranli and Eric Klavins at the University of Michigan. The PC can be accessed through

WaveLAN wireless Ethemet, which allows us quick and easy access to the robot. 110 is

perfonned by the custom RHio PC104 cardo The motor drives utilize SA60 single chip Pulse­

Width-Modulation amplifiers, fitted with a custom heat sink. RHex is controlled with radio

technology borrowed from remote controlled cars.

RHex uses several types of sensors. Leg angle is gathered from motor encoders on each

hip. Encoders are reliable, and simple to use. They are the most important sensors on the robot.

We have recently added a pair of new sensors, which are not utilized in any of the research

presented here. In upcoming work, orientation data will be acquired with a Fizoptica three-axis

fiber-optic gyro[51]. Precision cannot be expected from the gyros due to limits imposed by

integration errors. We have also recently added temperature sensors, and we will monitor

temperature of each motor and the computer power supply to prevent serious thennal failures.

Tele-operation is provided via a pair of cameras, and a 1;4 W transmitter. The cameras have a

1650 field of view, which enhances the ability of the driver to orient himself. Six infrared range

sensors are positioned around the robots body to allow autonomous wall following.

2.3.3 PREVIOUSLy IMPLEMENTED GAITS

Oluc Saranli implemented a "flipping", or "self-righting" behavior that allows RHex to do a back

flip. This is useful when the robot tumbles over an obstacle, and falls upside-down.

Figure 2-25 - Stop motion images of RHex doing a backf1ip. View from left to right, and top to
bottom.
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Dave McMordie built a simple swimming controller to allow RHex to propel itself through

lakes and streams.

Figure 2-26 - Several pictures of RHex swimming off Cap-St-Jacques.

Martin Buehler and Uluc Saranli are responsible for the implementation of the alternating

tripod gait, which was the first gait implemented on RHex. This gait has proved very successful,

allowing RHex to traverse a number of obstacles previously impassible by walking robots. [1][42][43]

There is ongoing work at ARL by David McMordie investigating several dynamic gaits for

RHex including pronking[44] and bounding. These gaits will be useful when speed and efficiency

improvements using the tripod gait are exhausted.

Figure 2-27 - RHex soars through the aerial phase of the pronking gait.

..... 27 ~



Cha RHex's Leg Design

Like aU practical engineered devices, RHex's legs have to meet many requirements.

• Reliability > 100 hrs mean time before failure (MTBF) - While this value is somewhat

arbitrary, reliability is extremely important for the missions we are considering, where

lives are on the line. Four consecutive days operation without maintenance is a

fundamental requirement for such a critical piece of equipment.

• Mass < 100 g - Even with this small mass, the total mass of the legs will still equal

almost 10% of the robots total mass. Heavy batteries give more mn time, heavy motors

provide more torque, but there is no advantage to having heavy legs. This is a difficult

target to reach, but worthwhile, because the smaUer the leg mass, the lower the leg

inertia. The basic tripod gait requires rapid leg accelerations, so low leg inertia results in

power savings.

• Manufacturability < 5 hrs - While prototypes are worthwhile despite lengthy

manufacturing processes, good designs minimize construction time. This saves money,

and often dovetails with other design goals such as ease of maintenance and low mass.

• Based on the maximum output torque of the motor and gear-head combination, which is

about 7 Nm, the legs must be able ta transmit 7 Nm continuously. The legs must be able

ta transmit 15 Nm peak, because during ground impacts the legs can experience peak

load about double the continuous load by being back driven, so 15 Nm peak is a

reasonable design goal. No slipping of the leg on the motor shaft is permissible, or

position control will become impossible

• Obstacle traversaI - Whatever legs RHex uses, they must be able ta traverse the obstacle

course at the South West Research Institute[55J, in San Antonio, Texas. This will depend
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on a combination of the factors already mentioned, as weIl as geometry of the leg. The

obstacle course is made up of a wide variety of connnon terrains and human constructed

obstacles, and is a good measure ofhow ready RHex is for the real world.

• Enable stair traversaI - as measured by the success of RHex on different stairs. (Results

in Chapter 5) Stair traversaI will contribute to the success of RHex in urban arenas. As

in basic obstacle negotiation, successful stair navigation is a combination of several

factors, especially geometry and weight.

• Desirable dynamic properties - this is important if dynamic behaviors such as running

and leaping are to be possible. Force vs. deflection characteristic of the leg must be tuned

to the mass of the robot to give the robot a natural frequency that allows it to bounce.

The "spring constant" of tendons in animal legs suggest that a robot the size of RHex

should have a vertical spring constant of about 1350 N/m.

• Lateral Stiffness > 10 kN/m- There are large non-radialloads on RHex's legs, from both

falling, and normal walking. The legs cannot be allowed to deflect far into the lateral

direction, or they could interfere with other legs, or even impact the body. Based on the

mass of RHex, and the clearance ofthe legs, 10 kN/m should preclude any problems.

• Damping Ratio < 0.05 - The other main dynamic that concems us is low damping. A

low value of damping ratio will allow recovery of the energy in the leg during each hop,

and avoid loss of energy to heat. 0.05 is not a magical target number for damping ratio,

but it is a low value compared to the value for coil spring legs if sliding friction is

considered, and so it is simply a good design goal.

Sorne of these design goals were meant to enable basic behaviors like standing and

walking, and sorne were necessary only for more advanced behaviors. Of aIl the requirements,

the most challenging was creating a design with the desired reliability and the desired

compliance. The various approaches to solving these problems have strengths and weaknesses,

and these differences warrant a closer look at each design.

3.2 COMPASS LEG DESIGN

The first legs used on RHex, were very stiff in comparison with later designs, but they did

possess' sorne compliance. A rough estimate of the spring constant, which assumed a linear

spring, was 4600 N/m, as compared to values as low as 1600 N/m for other legs, which are

introduced in the next sections. The low compliance led us to term them "compass legs" because
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of the energy-storing gait enabled by high leg stiffness, which stores energy as potential energy in

the body elevation, instead of in elastic energy in the legs themselves. These legs were barely

sufficient for RHex in all design categories, and have been replaced by more recent designs, but

those designs did benefit significantly from the experience gained working with these legs.

3.2.1 MECHANICAL DESIGN

Compliance in the compass leg arose from the curved shape, which created a leaf spring.

The final shape resulted from heating and bending of straight rods into a custom built mold. The

spring material used in the compass leg was the commercially available plastic Delrin, in the form

of 3/8" diameter rod. Quality control of the final shape of the parts was poor due to "spring­

back" after the parts left the mold. Pads were added to the foot to give better traction than that

offered by the bare plastic. The torque transmission mechanism consisted of two friction clamps,

each with a set screw tightened against the fIats of the gear-head shaft and a fiat on the leg. The

two clamps are then bolted to each other. Figure 3-1 shows the compass leg.

Shaft
Axis

Boit

t SetScrew

Clamping Force

•

Figure 3-1 - Left - Plate of compass leg. Right - diagram of torque transmission mechanism. Set
screw on fiat of shaft, and friction from the deformation of the clamp both help to transmit torque,
but there is no effective mechanicallock. Slipping occurred under peak loading.

3.2.2 LESSONS LEARNED FROM THE COMPASS LEG

The compass had the following shortcomings:
• The radial stiffness was too high

• The torsional and lateral stiffnesses were too low.

• The legs' MTBF was only about 4 hours.
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• Torque transmission mechanism was imperfect. The friction clamps and set screws
slipped often, allowing significant change in angle between the leg and the motof.

• Traction of the rubber foot pad was insufficient.

• Poor moldability of the materialled to legs of different length.

• Manufacturing involved significant manuallabor, and was very time consuming.

• Creep was observed which changed the shape of the leg.

We kept all ofthese problems in mind while designing more advanced legs

3.3 Hinged Four-Bar Leg Design
The second design that we implemented was the Four-Bar leg. The name succinctly describes the

basic geometry of the leg, which is shown in Figure 3-2. The initial prototype had clamped end

conditions for both of the leaf springs, as seen in the following picture.

Figure 3-2 - A prototype of the Four-Bar Leg design, before hinges were added.

The design ofthe Hinged Four-Bar legs represents an improvement over the other legs previously

designed at ARL, and seen in the literature, in several ways:

• Improved MTBF of about 150 hrs

• Robust torque transmission mechanism

• Low mass (120 g)

• Very little sliding friction during spring displacement (only in hinges)
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ShaftAxis

~
BoUs

1
Adjustable
Clamping
Force

Figure 3-3 - Plate of Hinged Four-Bar Leg. Right - diagram of torque transmission mechanism. Two
boUs force key (dark gray) onto fiat of the gear-head shaft. The displacement of the clamp could be
adjusted to account for deformation of the gear-head shaft.

There are still sorne drawbacks; the parts require significant time to build, up to twelve hours per

leg, plus time to maintain. The are two main features of the leg design which are worth further

discussion: 1) the transmission design, which is vastly superior to earlier ARL designs, and

completely eliminates mechanical slip between the motor and the leg, and 2) the spring design,

which makes novel use ofleaf springs to ensure low-friction, nearly radial toe travel.

3.3.1 TRANSMISSION DESIGN

Good torque transmission relies on a positive mechanicallock between a driving motor shaft, and

a driven leg in order to avoid slipping between the two. Conditions such as high impact or

oscillating loads make this lock more difficult to achieve and maintain because the components of

many transmission designs can deform, and fail to operate properly. High loads are usually

accommodated via a spline, but this was not an option for RHex, because the commercial gear

heads we chose utilize a round shaft with a simple fiat. In addition, the shaft material is soft low­

carbon steel, not a hardened alloy. These two features lead to failure via the "rounding", or

plastic deformation, of the fiat on the shaft under high loads when the fit between the two shafts

is imperfect. To eliminate this failure, we designed the shaft on the leg to be a clamp. The clamp

is detailed in Figure 3-3. The clamp allowed the driven shaft to maintain a good fit with the

driving shaft, even if the driving shaft was not machined to tolerance, or had begun to deform.
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3.3.2 SPRING DESIGN

The Four-Bar leg makes use of a pair of cantilever springs. To specify the design of the spring,

we had to choose the material, the geometry, and the end conditions of the cantilevers. These

choices were made with two main goals: the path that the foot travels during displacement, and

the force required to displace the spring.

A torsional spring in series with the hip actuator not only makes precise control of the toe

position in the torsional direction very difficult, but it makes it difficult to apply the animals-as­

pogo-sticks theory; the theory only utilizes a radial spring, not a torsional spring. Any torsional

deflection by the foot implies that there is a torsional compliance, and so should be avoided. We

made the remaining elements of the leg orders of magnitude stiffer than the cantilevers to avoid

torsional stiffness as much as possible. A side effect of this choice is that the entire compliant

structure is made easier to analyze, because the càntilevers dominate the compliance of the

structure. We used trial and error to produce the geometry of the leg design, resulting in a

displacement path that is primarily radial.

Material choice has a significant impact on the compliance of the final leg structure. We

had to select a material that would allow for appropriate displacement, without failure, under the

severe impact loads of a running robot. We chose unidirectional S-Giass for the leaf springs, with

the symmetricallay-up [0,-45,45,0,45,-45,0] ( where °is the longest direction on spring) that was

0.052" thick and with a 35% resin content. Fiberglass is much more compliant than easily

available and machinable materials, such as plastics, metals and other composites. (To view

support for this statement, please refer to Appendix B) It possesses an excellent balance of yield

strength and Young's modulus. In addition, fiberglass does not suffer from plastic deforrnation

and creep as quickly as pure plastics, and it is lighter than metal.

Even with proper material selection, and spring geometry that minimized safety factor to

increase compliance, the choice of the cantilever end conditions is critical to the leg design. It

effects not only the maximum deflection, but also the distribution of stress in the cantilever. We

choose to give the free end of each cantilever a pin joint. A pin joint prevents the application of

moments to the free end of the cantilever. This also lowers the stress for a given deflection, and

thus allows for a greater maximum deflection. We found that this choice, in combination with

the geometry and the material selection, resulted in acceptable totalleg compliance.
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3.4 Half-Circle Leg Design
The most recent leg designed for RHex is the Half-Circle leg. Felix Grimminger, a visiting

masters student, did nearly aH of the design work, although l, and everyone on the RHex team,

did sorne consulting. This material is presented in this section for archival purposes, and as a

useful comparison with other designs. The name succinctly describes the basic geometry of the

leg, which is shown in Figure 3-4. The design of the Half-Circle legs improves on the success of

the Four-Bar leg in sorne ways, and required trade-offs in others:

• Improved MTBF of at least 200 hours - there have not been enough failures to

date to determine this value precisely.

• Same robust torque transmission clamp as Four-Bar leg

• Low mass (80 g)

• Easy to build and maintain. With only three parts, only four hours are needed to

build a leg, most of that time is machining the clamp. Fewer parts mean much less

maintenance. They can be run for most of their life without maintenance, with

only occasional tightening of the bolts.

• No sliding friction during spring displacement, as in the Four-Bar leg.

There is still one major drawback to this leg design: the spring displacement is not purely radial.

The two main feature of this leg design which are worth further discussion are: the spring design,

which uses leaf springs to ensure low-friction, radial toe travel, and the future plans for the Half­

Circle leg design, which include a second actuated degree of freedom.
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Figure 3-4 - Plate of the Half-Circle leg. Uses the same torque transmission mechanism. Spring is
light green. Bike tire tread is added to leg to add traction, and protect the spring.

3.4.1 SPECIAL DESIGN REQUIREMENTS

In addition to the requirements that we set for any RHex leg, two additional requirements helped

shape our design of the Half-Circle legs. The first requirement stemmed from our wish to be able

to actively control leg length, which means we must add an actuator to each leg of RHex. The

second requirement we considered was our desire to build legs which could be altered using the

leg length changing mechanism, to allow a rolling motion, instead of a walking one.

We hoped to address the extra requirements placed on this design with a single solution.

We plan on adding a second degree of freedom that will change leg length by moving the center

of rotation of the leg from the tip of the Half-Circle to the center of the Half-Circle arc. At the

extreme position in the center of the arc, the leg will become a half wheel, with the main drive

motor at its' center. This orientation is shown in Figure 3-5. The second motor will be de­

coupled from the loads of driving the leg, or the wheel, but should be powerful enough to change

the length of the leg quickly. Grimminger has built a prototype of this mechanism, but we have

not implemented it fully on RHex, and so this mechanism is a footnote to the CUITent work.
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Figure 3-5 - RHex with Half-Circle legs in "Wheel mode". This test was performed with legs that
were unable to change length, as a proof of concept. The test was a success, with high speeds of~ 1.5
mis attained, and 40° slopes climbed on the campus of McGill University. Legs are highlighted for
clarity.

3.4.2 SPRING DESIGN

The special requirements for this design dictated much of the geometry and the end conditions,

and we followed the logic used in the design of the Four-Bar leg for material selection. Still there

are some features of interest in this spring, l) the size of the spring, 2) the orientation of the

layers, and 3) the impact that small amounts of torsional and lateral stiffness have on actual

operation.

The goal of compliance is achieved through a single composite cantilever, one fewer than

in the Four-Bar leg design. We used bi-directional, plain-woven E-Glass with 45% resin content

in a [45,0,-45,0,45,0,-45,0,45,0,-45] lay-up. The high resin content helped lower stiffness, but it

also decreased the yield strength, and plastic deformation was a problem in early designs,

especially in the lateral direction. Numerous 45° layers were required to increase the lateral

stiffness of the leg to fix this problem. This step was unnecessary in the Four-Bar design because

it's geometry generated lateral stiffness, but the Half-Circle offers no such benefit.

The use of a very large spring allowed us to achieve ruggedness in the design. The sheer

size of the spring allows the strain energy to be distributed over a larger volume than in the Four­

Bar leg. This results in lower stresses, and thus fewer failures. The design is so much more

rugged, in fact, that we have difficulty quantifying the MTBF; there haven't been enough failures.

Unlike the Four-Bar design, this design does not give us much direct control over the path

that the foot travels during energy storage and release, and so we cannot specify primarily radial

motion. While the lateral and torsional compliances are higher than in the Four-Bar design, it

does not prevent successful performance. ln fact there are benefits to higher compliance in all

directions: the increased lateral and torsional compliance of the Half-Circle leg design helps to
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mitigate shocks to the leg and the motor from ground impacts. This implies a trade-off in

performance, not simply a degradation of properties.
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Experimental Leg Characterization

1

The legs we built for RHex have proven successful with respect to durability and obstacle

traversaI. As the RHex team became more concemed about the dynamic behavior of the robot,

the experimental dynamic characterization of the legs became important. The purpose of

obtaining these values is to predict the behavior of the robot during dynamic behaviors and to

compare the competing leg designs. In order to make any assumptions clear, we discuss the

experimental procedure before presenting the results.

4.1 THE TEST
Stiffness can be tested using static measurements of load and deflection. It can be found in a

linear spring by taking the slope of a line that relates the two. The plots of deflection versus force

of RHexs legs are not linear, because the legs are complex leaf springs. We took measurements

of radial and tangential forces at the toe at many different toe positions in the sagittal place. We

then used Matlab 6.0[54] to interpolate and filter the data, and then plot the data for both of the

forces measured. Once the plots are available, we can examine them for trends that allow us to

model the leg as a collection of rigid bodies and tractable springs, a pseudo-rigid mechanism.

4.2 Experimental Setup
We built an experimental test jig to collect the data that we needed. The layout used, the sensors,

and the method of data collection had to be determined as part of the design. We need two

position values and two force values. During experiments, the hip of the leg is fixed, and the toe

is allowed to move freely. The layout is shown below in Figure 4-1. While this setup is quite

adequate for static force vs displacement tests, there is too much friction in the system to be used

for dynamic tests that could determine damping properties.
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r

T~FT

FR
Figure 4-1 - Left - a simplified diagram of the quantities being measured with respect to a Half-Circle
leg. Right - The experimental apparatus, the physical implementation of the diagram on theleft.

4.2.1 SENSORS

The sensor suite of the set-up consists of two force sensors, and two position sensors. We llsed

two uniaxial force sensors, which are based on Hall effect sensors[45]. The force sensors are

mounted in series. The toe is mounted through a hinge to the tangential force sensor, and the

tangential force sensor is mounted on the input to the radial force sensor. The axis of the hinge is

placed in line with the radial force sensor axis to minimize cross talk between the two sensors.

The force sensors are mounted to a linear guide, and the displacement of the guide is measured by

a linear potentiometer.[46J A rotational pot measures the rotation between the linear guide[461,

which rotates on a bearing plate, and the hip, which is fixed in space.

4.2.2 DATA ACQUISITION

Data was collected on RHex through spare analogue input ports. 1 modified a small test program

written by Oluc Saranli to record the data with a sample frequency of 1 kHz. We designed and

built a simple buffer, voltage divider, and level shifter to make all of the sensor outputs between

zero and five volts. The electrical hardware is shown in Figure 4-2. All of the data we collected

was filtered twice. First using a Butterworth filter to reduce time dependent noise, and then using

a special filtering Gaussian filter. The Butterworth filter had a cutoff frequency of 10Hz. The

Gaussian filter had a width of 7 points, which with our grid size of 1 mm, makes a window of 7

mm, and a standard deviation of four.
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Figure 4-2 - The electronic hardware and corresponding schematic used to prepare the force sensor
output for input into RHex's onboard data aquisition system.

4.3 Results
Once the leg has been mounted upon the test apparatus, and data from each of the sensors is

recording, we applied displacements to the toe. We applied force to the radial force sensor, so as

to measure aIl reaction forces. The displacement was changed slowly in order to minimize

dynamic forces. The toe traced a path over a polar grid with squares of approximately 3 mm x 10
•

Small areas of travel were inaccessible due to mechanical interference of the apparatus, but these

areas are not critical to the results we seek.

Using the sensors, apparatus, and RHex's data acquisition system that we just described,

we were able to collect data on the load vs. deflection characteristics of each leg that we

designed. We looked for trends with mechanical underpinnings in the force vs. deflection plot to

use as the basis of models of the leg. In sorne cases, we developed models that are both accurate,

and based on mechanical reality. In other cases, while c1ear trends existed, we do not present

models, because there was no dominant physical basis for the trend. In such cases, if the data is

needed for an analysis, a look-up table or simple algebraic fit may be used.

Any model is an attempt to simplify a complicated system. In our case our models use

rigid body linkages and springs to approximate leaf springs. Under large deflections, the ends of

cantilever beams, like our leaf springs, trace out paths that are nearly circular. In nearly every

case, the circ1e traced out will not be centered on the fixed end of the beam, so the trick to

predicting the position of the free end is to find the center of the circ1e, known as the

characteristic pivot, about which the free end orbits. Once it is found, we can use a rigid link to

connect the circ1e center to the beams base, and another link,' with length equal to the

characteristic radius, to connect the circ1e center to the free end. Connect the two rigid links

with a carefully chose torsion spring, and a good mode! of the cantilever's force versus deflection
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characteristics will result. The following figure shows the transfonnation, from a simple

cantilever, to a pseudo-rigid mechanism.
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Figure 4-3 - Demonstration of simplifying a large deflection compliant beam (LeCt) into a pair of
rigid links, joined by a torsion spring. (Right) [471

4.3.2 CLAMPED FOUR-BAR LEG

We tested the force vs. displacement properties of a Four-Bar leg without the hinges mentioned in

the leg design chapter. This leg is a prototype only, and can be seen in Figure 3-2. Without

hinges, the springs are doubly clamped cantilevers, and are very stiff. We did this test to verify

our assertion that the hinges add to the compliance of the design, and for comparison purposes

with the other legs. The raw data that resulted from the test is in Figure 4-5, and the data after the

application of a filters is shown in Figure 4-6. Like the hinged Four-Bar leg, we do not present a

physical model to compare with the results because, while there are clear trends that could aid or

provide an alternative to look-up tables, the physical basis of such models are not clear. Creating

models for this data could be the subject of future work.

We will now present a number of plots showing the force vs. displacement characteristics

of the clamped Four-Bar leg. As a point of reference, see Figure 4-4, which shows how the leg

relates to a sample data set.
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Figure 4-4 - Sample data set of stiff Four-Bar leg force vs. deflection. Photo of leg is superimposed to
give sense of magnitude of deflection. Photo is roughly to scale, and is placed near the no-Ioad
position.
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Figure 4-5 - Raw data for a force vs displacement test on a doubly clamped Four-Bar leg. Note that
range of motion is small, and reaction forces are high. This leg is very stiff. Hip is at (0,0) and Toe is
at (0,0.15)
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Figure 4-6 - Results of a force vs displacement test on a doubly clamped Four-Bar leg aCter a
Gaussian fllter is applied. Hip is at (0,0) and Toe is at (0,0.15)
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The contour lines ofthe filtered data are shown in Figure 4-7. Like with the other legs, the

contour lines provide convenient ways of visualizing possible models that involve radial and

linear springs.

X posltîM(m) X position lm)

Figure 4-7 - Contour plot of a force vs displacement test of a clamped Four-Bar leg, after the
application of a Gaussian fllter. Hip is at (0,0) and Toe is at (0,0.15)

4.3.1 HINGED FOUR-BAR LEG

The unfiltered data from the hinged Four-Bar leg experiment can be seen below in Figure 4-9.

Sorne trends can be guessed at, but the following figure, Figure 4-10, plots data after a Gaussian

filter has been applied, and is much smoother. While some data was lost in the filtering, the

remaining plot is much smoother, and trends more noticeable. While the patterns are clear, we

were unable to relate them in a simple manner to a pseudo-rigid model of the leg. This is likely

because the leaf springs in this leg begin to undergo buckling when under large deflections, which

is not a part of the pseudo-rigid mode!, and because there are two springs at work, which

complicates the model.

We again present a sample data set with leg to convey approximate deflection, and to

relate the trends to the physicalleg, see Figure 4-8 .
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Figure 4-8 - Sample data set of Hinged Four-Bar
superimposed to give sense of magnitude of deflection.
the no-load position.

leg force vs. deflection. Photo of leg is
Photo is roughly to scale, and is placed near
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Figure 4-9 - Raw data from the force versus displacement test of a hinged Four-Bar leg. Hip is at
(0,0) and Toe is at (0,0.15). See color electronic version for easiest interpretation of plot.
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Figure 4-10 - Results of a force vs displacement test on a hinged Four-Bar leg, after a gaussian fllter
is applied. Hip is at (0,0) and Toe is at (0,0.15).
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Figure 4-11 - Contour plot ofthe force vs displacement test on a hinged Four-Bar leg. Hip is at (0,0)
and Toe is at (0,0.15)

The contour plots are very interesting because we are able to see the path of zero tangential force,

which is the path the foot would have to travel for the leg to be approximated by a radial spring.

We can see that the hinged Four-Bar leg has a more radial trajectory than the circle leg. It is not,

however, perfectly radial, it deflects about 1 cm from the perfect radial path.

4.3.2 HALF-CIRCLE LEG

A comparison of a sample data set with the actualleg will aid in interpretation of results.

Figure 4-12 - Sample data set of Half-Circle leg force vs. deflection. Photo of leg is superimposed to
give sense of magnitude of deflection. Photo is roughly to scale, and is placed at about the no-Ioad
position.

The unfiltered data from the Half-Circle leg experiment can be seen below in Figure 4-13. Some

trends can be guessed at, but the fol1owing figure, Figure 4-14, which plots data after a Gaussian

filter has been applied, is much smoother. While some data was lost in the filtering, the

remaining plot is much smoother, and trends more noticeable.
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Figure 4-13 - Raw sensor output for force versus displacement tests on a Half-Circle leg. Radial
force is on the left; tangential force is on the right. Hip is at (0,0) and Toe is at (0,0.15). See color
electronic version for easiest interpretation of plot.

Radial Force (N) - Circle Leg
GO

g
8
~
0-

>-
-0.02

-0.04

·0.06

TarigentièlFotc8 (N)· CirCiUeg

0.11 0.12 0.13 0,14 0.15 0.16
X position (m)

45

40

35

30

25

20

15

10

o

Figure4-14 - Force vs displacement of a circle leg after Gaussian and Butterworth filters are applied.
Hip is at (0,0) and Toe is at (0,0.15). See color electronic version for easiest interpretation of plot.
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T.ngen~.1 Force (N)· Circle Leg

Figure 4-15 - Contour plot of the force vs displacement test on a Half-Circle Leg. Hip is at (0,0) and
Toe is at (0,0.15)

We used the circle center and radius defined above to create a pseudo-rigid model of the

Half-Circle leg. Because of the trend seen in Figure 4-14, we added a linear spring to the model.

The linear spring proved to allow a good model of the force in the radial direction, but we found

no simple corresponding trend for the tangential forces. Still, the radial spring force appears

regularly in the models of the entire robot, and so a good approximation is valuable. The model

of the leg is superimposed over the data in Figure 4-17, not only to show the model, but it is also

useful to view the range of motion of the toe when compared to a structure the size of a leg.

Virtual
Hip

Figure 4-16 - Simplification of the Half-Circle leg using a pseudo-rigid link.
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40

(N)
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Figure 4-17 - The simplified Half-Circle leg model is overlaid on the radial force data. It appears
that a linear spring on the model could give a good prediction of radial force. See color electronic
version for easiest interpretation of plot.

The model used has link lengths of 0.079 m and 0.172 m, which were calculated from equations

in [47]. Trial and error was used to determine a reasonable spring constant for the model. The

slope of the linear spring that we found is 1270 N/m, and the standard deviation of the data from

this prediction is 2.62. The difference between the linear spring force and the radial force is

shown in the next plot, Figure 4-18. Only in small areas is the force prediction of the simple

linear spring offby more than 2 N.
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Figure 4-18 - Error ofthe pseudo-rigid link with linear spring model in prediction radial force. R2
=

2.6. Hip is at (0,0) and Toe is at (0,0.15). See color electronic version for easiest interpretation of
plot.
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We elected to use a back to front wave gait, with RHex's contra laterallegs in phase with each

other. Our design is based upon analysis of the robot leg and stair geometry, which suggest such

a gait, and the low reliability and performance achieved by using the altemating tripod gait. The

analogy with the millipede that we presented in the introduction provides support for this gait,

though it is far from a proof that this gait is optimal.

5.1 Influence of Leg Design Upon Stair Traversing
RHex has sported legs with three different geometries. They were introduced in chapter 3, and

are shown for reference in Figure 5-1.' They vary in compliance, geometry, and ruggedness, but

aU enabled RHex to perform on rough terrain. Stair Traversing introduces new requirement for

the legs. Whatever leg is chosen must be able to grip the stair, but two main factors affect the

suitability of each leg geometry for stair traversing: the horizontal distance between the hip and

the ground contact point during a stance phase, and the degree to which the hip trajectory

paraUels the slope of the stairs.

Figure 5-1 - The three leg geometries that have been used on RHex - at left is the Delrin compass leg,
center is hinged Four-Bar leg, and at right is the Half-Circle leg. Geometry has a large impact on
how weil RHex can ascend and descend stairs.
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The horizontal distance between toe and hip determines the hip torque required to support

the robot against gravity. This contributes substantially to total energy cost, and so must be

minimized. Not aU the legs are able to minimize this distance effectively. The compass leg was

not suitable for stair traversing as the horizontal distance between the foot and the hip can be

quite large, as long as the leg itselfFigure 5-2.

Figure 5-2 - A Compass leg during stair climbing, shown in stop motion. Black line is hip position,
red dot is toe contact point

The Four-Bar leg improved upon the performance of the compass leg by changing the contact

point of the leg as the hip moved during stance. This is best illustrated in Figure 5-3. The Half­

Cirele legs take the multiple contact point action of the Four-Bar leg a step fardIer by using a

rolling foot contact that allows for added reductions of the horizontal toe-hip distance, as seen in

Figure 5-4.

Figure 5-3 - A Four-Bar leg shown in stop motion. Black line is trace of hip motor shaft position.
Red dots are leg contact points. Discontinuity in trajectory stems from change in contact point.

Figure 5-4 - A Half-Circle leg shown in stop motion. The black line is a trace of the hip motor; red
line is leg contact points.
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Of the three legs we have designed, the Half-Circle legs engender the least horizontal toe to hip

distance during stance.

In stair traversing, the hip would ideally follow a straight-line trajectory aloilg the flight

at stair inclination. While it is beneficial in terms of energetics to avoid motions that do not move

the robot towards its goal, there is another reason to follow such a trajectory. If all six hips

follow it, then the pitch of the robots body will remain constant, reducing the chance that the

robot will pitch over backwards, a catastrophic failure mode. The difference in the trajectory that

the hip of each leg traces can be seen when they are compared in Figure 5-5.

- Compass COM Position Comparison
-4Bar Leg ~r'""""--r---T"""

-Circle --:::::r:~~-r--"'J

(m)

Figure 5-5 - Each of the three legs traces a different hip trajectory during the stance phase. Thick
lines are these trajectories. Thin lines are selected leg positions during stance. Grid is 6 cm squares.

To follow the ideallinear trajectory perfectly, the leg would need multiple actuated d.o.f.

Multiple d.o.f. legs have many advantages. A single d.o.f. leg cannot compete easily with such

specialization, at least with respect to trajectory. A line-tracing, two d.o.f., leg is shown in the

Figure 5-6. Limits of modem technology, however, restrict effective use of many d.o.f. robot

legs, and we can also see in Figure 5-6 that the horizontal toe to hip distance can be large, a defect

that causes more difficulties than the linear path fixes.

Figure 5-6 - A stop motion image of a two d.o.f. robot leg following a linear trajectory up a stair, the
trajectory is excellent for stair traversing, but the hip to toe distance can be very large.

Stair traversing is a repetitive action, and so the infinite freedom of leg angles and lengths

offered by a multi d.o.f. leg is not required. We can see in Figure 5-5 that the circle leg forces

the hip to follow a trajectory that, of the three legs we built, is closest to the ideal. The Half­

Circle legs, and to a lesser extent, the Four-Bar legs, give RHex the advantages in stair traversing
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of a multi-d.o.f. leg, without the disadvantages in weight, reliability, and power consumption.

They change effective length, the distance between contact point and the hip, by using more than

one contact point on the leg. Because the Half-Circle leg ro11s, it does not suffer from a

discontinuity in hip trajectory, as the Four-Bar leg does when it changes contact points. A final

benefit of the Half-Circle leg is that the ro11ing contact of the legs a110ws for efficient touchdowns

and liftoffs. [13]

Not surprisingly, we found that the Half-Circle legs offer improved performance in stair

ascending compared to the hinged Four-Bar legs. Using the same contro11er as an early stair

ascending paper[52], which had been tuned for ascending with the hinged Four-Bar legs, power

and specific resistance decrease by 37%, from 183 W to 135 W, and 10.9 to 8.0, respectively,

simply by using the Half-Circle legs. Reliability also increased from 90% to 100% over ten runs

on flight #5. The Half-Circle leg design is not simply a stair-traversing gimmick. Early tests

show that they provide an advantage in top speed, slope ascending, and walking efficiency as

we11 as these found in stair ascending.

5.2 Stair Ascending

5.2.1 NSAA (NED'S STARTUP ASCENDING ALGORITHM)

The algorithms presented below a110w RHex to climb human sized stairs, but it is implicitly

assumed that RHex is already on the stairs. We use another algorithm in order to bring the robot

to a pose where either of the stair-climbing algorithms described below can be safely activated.

This algorithm can be seen in Figure 5-7. Figure 5-8 plots the actual and target position and

estimated motor current of the hips from an experiment.

Figure 5-7 - This is a stop motion sequence for ascending first stair from standing position. A single
front leg raises body up onto the stair. The other front leg follows, and the robot is ready to enter the
main algorithm. Legs are highlighted for clarity.
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Figure 5-8 - The target (blue) and actual (green) hip trajectories and estimated hip motor currents
(red) for Ned's First StairAlgorithm. Tracking is good. Motors are rarely saturated.

5.2.2 NBAA (NED'S BASIC ASCENDING ALGORITHM)

As discussed above, we chose to use a back to front wave gait, with contra lateral legs in phase

with each other. This choice increases the number of legs in stance at any time, compared to the

tripod gait. In addition, because there are always four legs forming rectangle, and because of stair

geometry, RHex tends to follow the gradient of the stair, which is a very valuable, as weIl as

simple, attribute. We found the angles and phase differences used in the algorithm via intuition

and video analysis while ascending a particular flight of stairs (stairs # 5, see Table 5-4 and

Figure 5-19). The target leg angles are not altered using feedback. Motor encoders provide

enough feedback to ensure that the legs are on moving along the desired trajectory. The

controller is effectively open loop. While designing the controller, we placed an emphasis on

maintaining a body pitch that is parallel to the slope of the stairs, a high, steady body velocity,

and a moderate body ground clearance. The cycle time for the NBAA is only 1 s per step. Figure

5-9 shows the robot as it ascends stair #5. Table 5-1 gives the exact angles and times used for

each pair of legs, the front, the middle, and the rear.

.. 54 ~



Chapter 5

Figure 5-9 - Ned's Basic Aigorithm shown in stop motion on flight #5. Each pair oflegs recirculates
in tum, from back to front. Legs highlighted for clarity.

NBAA Phase Time Rear Middle Front
(sec) Legs (0) Legs (0) Legs (0)

Phase 1 .15 80 -30 45
Phase 2 .35 20 0 45
Phase 3 .4 -45 40 -15

Table 5-1- Leg target angles and phase times for the NBAA. At
right is the key for the leg angles. Only three sets of angles are
given, since the legs work in pairs

ISO Forwuri
-180

M90+-Z70
270 90

o

While the Basic Aigorithm worked very well on the stairs for which it was tuned (Table

5-4, flights #4 and #5). The success rate dropped of sharply, however as the stair geometry

varied from the target stair geometry. Failure waseither fatal, when RHex flipped about the yaw

axis, or merely an exercise in futility, when the rear legs failed to reach the next stair as they

recirculated, so that RHex slipped backwards one step. Neither failure mode was acceptable, so

we had to improve upon the NBAA.

What is at the root ofNed's Basic Ascending Aigorithms dependence upon stair geometry?

The success of Ned's Basic Aigorithm relies upon the robot being "in phase" with the stairs. By

this l mean that when the rear legs recirculate, for instance, it is assumed that there will be a stair

for it to touch down upon, at a predetermined approximate angle. Thus, successful ascending

with Ned's Basic Aigorithm requires sorne tuning of the controller to particular stair geometry.

The geometry of other stairs may be such that the robot is not stable, i.e. at the completion of an

ascending cycle, RHex does not have the same pose as it did at the beginning. The visible

consequence of this is that the rear legs may finish their stance phase too far from the next stair to

reach it at the end of their next recirculation. This will produce a failure via flipping over or by

simply not progressing, as was seen in initial tests with the NBAA. This condition may not occur

during every step of a flight, as the de-synchronization between robot and stair may grow over

several steps.
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With the NBAA, 1 have shown that RHex can avoid this problem if the gait parameters are

carefully chosen, and climb a particular flight of stairs. If RHex is to climb any given flight,

however, there must be a more general method for adapting to the stairs than arduous parameter

tuning. The search for such an idea led to the creation of the following: an improved stair­

ascending algorithm.

5.2.3 NIAA (NED'S IMPROVED ASCENDING ALGORITHM)

To make the NBAA more general, did we tune NBAA to many different stairs, and add

sensors and a look-up table? No, too complicated. To resolve this problem, we made the

following modification: at the completion of the NBAA cycle, the robot can extend the final

phase, continuing to move the rear and middle legs very slowly. This effectively gives RHex an

"extra push", moving RHex forward, until the body of RHex touches the next stair, and the rear

legs are in the correct position to reach the next stair. Ned's Improved Algorithm can be seen in

Figure 5-10 and Figure 5-11. The actualleg target angles and times are given in Table 5-2. This

modification lengthens the period of the algorithm to about 1.55 s/step. The NIAA does not

control RHex's body trajectory or body pitch as smoothly as the NBAA on the flight for which

the NBAA is tuned, but it significantly increases the range of stairs the robot can ascend. This is

an acceptable trade-off. The experimental data shown in Figure 5-11 represent three full cycles

of stair ascension, on flight #6. Two of the cycles shown are of the basic algorithm, and the

middle cycle is the modified algorithm. This, along with Figure 5-10 is the best visual

description of the simple change we made to the NBAA in order to make RHex a much more

re1iable stair ascender. This algorithm was used on all stairs reported in the results section, except

#4 and #5. Unless we have foreknowledge of a flight of stairs, and know them to be of the same

size as flights #4 and #5, we use the Ned's Improved Ascending Algorithm for ascending stairs.

NIAA Phase Time Rear Middle Front
(sec) Leg (0) Leg (0) Leg (0)

Phase 1 .15 80 -30 45
Phase 2 .35 20 0 45
Phase 3a .4 -35 -40 -15
Phase 3b .55 -45 -50 45

180, ~
~180 Fornard

.90+~270
270 90

o
Table 5-2 - Leg angles and phase times for the NIAA stair
ascending algorithm. Leg angle key is at the right. Right and left
side angles are identical.
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•• ••
o
o

•• •• ••
Figure 5-10 - NIAA shown in stop motion. 1,2 and 3 are identical to the NBAA. 3b is the additional
phase that adds generality by maintaining posture from one step to the next. Legs highlighted for
clarity. Filled dots indicate legs in stance; open dots indicate legs in recirculation.
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Figure 5-11 - The target (blue) and actual (green) hip trajectories and hip torques (red) during
experiment that used NBA and NIA on successive stairs. NBAA is at first, NIAA is used second.
Only left side motor results are shown, since robot is symmetrical. Tracking is good. Motors are
rarely saturated. Best viewed in electronic version of thesis.

5.2.4 EXPERIMENTS RUN ASCENDING STAIRS

We tested RHex on nine different flights of stairs (Table 5-4 and Figure 5-19) that we found on

the McGill University campus. As all stairs are designed for humans, the variation in height,

length and average slope was not extreme. We be1ieve these flights to be a good representation of

the range of stairs encountered in everyday life. This assertion is backed up by the specifications

ofthe North American building codes, given below.

National Building Code of Canada
(1995)

BOCA
1990

(USA)

Rise (mm) 125-200 102-178

Run(mm) 210-355 279
Tread (mm) 235-355 279

Table 5-3 - Government Stair Geometry Standards
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Flight #
Rise Tread

# ofSteps Material
Slope

(m) (m) (0)
1 .13 .33 12 Smooth concrete 21.5
2 .15 ~.35 10 ü1d stone - 90° circu1ar flight 24.0
3 .16 .338 10 Rough concrete 25.3
4 .16 .285 13 Wom wood 29.3
5 .16 .28 10 Smooth stone 29.7
6 .175 .285 15 Rough concrete 31.6
7 .18 .29 12 Srnooth stone with rneta1lip 31.8
8 .19 .26 12 Industrial carpet w/ rubber lip 36.2
9 .20 .22 18 Metal Grate (tire escape) 42.0

Table 5-4 - Physical features of the stairs used in stair ascending experiments. Stairs of varied
materials, shapes, and sizes were used to show adaptability of the NIAA.

5.2.5 EXPERIMENTAL RESULTS

Figure 5-10 shows the implemented and desired leg trajectories along with the actualleg torques

for ascending experiments. Low tracking errors are exhibited, except during temporary torque

saturation, primarily in the back and middle legs. For each test, RHex was started at a standing

position a short distance (0-6cm) from the first stair, and was directly facing the flight.

Basic abilities

RHex ascends stairs at a rate of 1.55 s/stair using the NIA. This is a slow ascent for a human, l

sprinted flight #5 at a rate of 0.18 s/stair and walked up it at a rate of 0.60 s/stair. RHex is still

faster than many of the robots found in the literature. Sorne of the few published speeds are given

in Table 5-5. When there is no speed data along with c1aims of legged robot stair traversaI by

other robots, we expect that the robots are relatively slow. Rhex can traverse a wide range of

stairs in an efficient and reliable manner, as discussed in the following sections. As an additional

test of endurance, we used the NIA to ascend the 292 steps of varying sizes and geometries of

Montmartre in Paris, France, twice in a row, without difficulty. Pictures ofthis ascent are shown

be1ow. Stair ascending was also demonstrated numerous times at the CLAWAR 2001 conference

in Karlsruhe, Germany.
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Robot Name

Raibert Biped++
Honda P3**

RHex
WL-12RIII

Wheel-Leg
Biped

MelCrab II

Ascending Speed
(sec/stair)

0.6
~1.5

1.0-1.55

2.6

3.0

10+
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Table 5-5 - Comparison of stair ascending rates of different legged robots. ++Value based on
published average velocity and stair size. "Value found by timing a movie

Figure 5-12 - LeCt - RHex starts climbing stairs next to funicular at Montmartre in Paris. Right­
Onlookers stop to stare, as RHex makes final ascent.

Energetics
Energetic cost of ascending stair is substantial, based on an average total e1ectrical power

consumption ofbetween 94 and 203W on the various stairs. While the power varied widely, we

are also interested in how efficiently we are climbing stairs. A measure of efficiency in a walking

vehicle must consider weight, power, and speed. Gabrielli and von Kannan proposed a general

method for measuring efficiency, using a cost function known as specifie resistance. Specifie

resistance is defined by the following equation:

E
ë=----

m·g·d,

(1)

Where E is total energy used, m is the mass of the robot, g is gravity, and dx is the horizontal

distance travelled. A smaller specifie resistance corresponds to lower energy requirements to

perfonn task. Our calculation of specifie resistance is conservative on three points. First, we

need a long time to climb the first stair, and this increases the total energy used by RHex because
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of the significant overhead imposed by the computer and other systems, whose power

consumption does not vary with mechanical work. Second, we do not consider the added

potential energy of the system when the robot reaches to top of the stairs. FinaHy, the total

distance that the robot has travel1ed is much greater than the horizontal distance. The success

rate, power consumption and specifie resistance results for each flight are given in Table 5-6.

This specifie resistance values found are at least four times that for walking on even

terrain. On the other hand, the raw power consumption is less than twice that of walking. The

robot simply moves more slowly when ascending stairs. It would be interesting to compare this

energetic cost to that incurred by other robots during stair ascending. Unfortunately, to our

knowledge, no such data is available in the literature. While Ned's Basic Aigorithm provides an

advantage in speed over Ned's Improved Aigorithm, it was not more cost effective, due to

corresponding increases in power consumption. In Figure 5-13, we can compare with what data

is available for other robots, and even though only RHex is ascending stairs, it is comparable to

other legged robots. The data for flight #5 is the average of data taken over ten mns. The

energetic results for aH other flights represents data from a single experiment.

Flight # Success E S.R.
(%) (W) E

1 100 100 4.8
2 90 94 4.8
3 100 96 5.6
4 100 122 5.7
5 100 106 4.7
6 100 111 7.5
7 100 102 6.8
8 100 185 13.6
9 100 203 19.4

Table 5-6 - Success rates, power consumption, and specifie resistance data for the 90 experiments run
ascending nine different tlights of stairs. Stair parameters are in Table 5-4.
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Figure 5-13 - Comparison of specifie resistanee for people and various machines, only RHex is
traversing stairs, but its specifie resistanee is still comparable to sorne other robots. 19J

The specifie resistance recorded for stairs eight and nine are substantially higher than the

other stairs. This is due to the higher frictional coefficients of the surfaces of these stairs. During

the "extra push" phase of the ascent, the legs get locked in position, instead of slipping a srnall

arnount, as happens on the other flights. This leads to high joint errors, and high torques, and thus

higher specifie resistance.

There is sorne energy wasted during the "extra push" phase correction of all stairs, as can

be seen in the large torques of the rniddle legs in Figure 5-11, and the power spike at 29.2 s in

Figure 5-14, while the spike at 30.8 s is that ofa normal cycle.
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Figure 5-14 - Power used during ascending of flight #5. This data is from the same set as Figure 5-11
the large spike at 29.2 s is due to use of NIAA, while smaller spikes at 28.2 sand 30.8 s correspond to
theNBAA.

Reliability

We found during development that the best predictor of success was the rise of each step, not the

tread length, average slope, or surface finish. There are classes of stairs that RHex cannot yet

ascend, such as circular stairs and stairs with very round corners. The results were good, in

general. The reliability over ten mns as is given in Table 5-6. The single reported failure did not

involve Ned's Starting Ascending Algorithm, but instead occurred once the robot was on the

stairs, and was using Ned's Improved Ascending Algorithm. Reliability can be affected by

factors such as weather, rain can make the stairs slippery for example, or by extremely warm

weather, as the motors will be more likely to overheat, and provide insufficient torque to ascend

the stairs.

5.3 Stair Descending
The stair-descending algorithm was created after the completion of the work presented above on

ascending stairs. This allowed us to learn from the results of ascending. We elected to

immediately use a contralateral, back to front wave gait, and so the design relied less upon video

analysis of experiments.

5.3.1 STARTUP ALGORITHM

As in the stair descending algorithms above, the open loop target angles used in the stair

descending algorithm presented below are able to descend human sized stairs. Again, it is

implicitly assumed by these algorithms that the robot already is on the stairs. In order to bring the

robot to a pose where the main stair-descending algorithm can safe1y be activated, two sets of

target angles are implemented before the main controller. It can be seen in Figure 5-15. This

controller has the simple goals of changing the pose of RHex from standing at the top of the flight

..... 63-



Chapter 5

of stairs to resting in a position similar to that shown in phase 1 of Figure 5-16, which allows the

robot to transition to the main stair descending a1gorithm that RHex uses. The positions and 1eg

torques are a1so shown in Figure 5-15.

Front
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Figure 5-15 - 2 stage starting algorithm for stair descending shown in stop motion (left) and leg
positions and motor current (right)

The first stair a1gorithm 1asts about five seconds. Low speed he1ps to prevent RHex from falling

over the edge of the first stair. In image one of Figure 5-15, the robot is standing in front of the

stair. Image two shows the first phase of ·the descending starting controller. The front legs

recircu1ate, whi1e the midd1e and rear legs 10wer the body, and move it towards the stair. The rear

legs finish this stage at the end of their recircu1ation, and so the midd1e legs are the only pair to

remain in contact with the ground throughout the phase. The rear of the robot rests on the ground

as a result. During the second phase of starting, shown in image 3 of figure 15-2, the middle and

front legs 10wer the body onto the next stair. The rear legs point towards the ground, but are not

able to reach the stair. At the end of the phase, the middle and rear legs perfonn a recirculation to

bring the robot to image four, which is the same position as position one of the main descending

a1gorithm, and RHex is thus ready ta descend.

5.3.2 NED'S DESCENDING ALGORITHM (NDA)

In this gait, the legs work in pairs, just like in the ascending gaits. There are six sets of target

angles, but this was done to make certain aspects of the development easier, and l prefer to think
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of the NDA as having three distinct phases. The rear legs recirculate in the first, followed by the

middle legs, and then the front legs. Each of the three leg pairs recirculates in only 0.15 s. The

fast recirculations result in significant lengths of time were all six legs are on the ground, about

1.1 s out of a 1.55 s cycle. This is done to enhance stability, and explains why there are six

phases; there are three for recirculation for each of the three leg pairs, and three for full stance

phases between recirculations. In order to take advantage of the leg geometry, RHex descends

the stairs "backwards". The gait is shown being used on flight #5 in Figure 5-16. The

corresponding joint angles and torques are shown in Figure 5-17.

In the NDA, the body slides along the lip of each stair, resulting in an effective, if

somewhat graceless stair descending algorithm. Because the body is nearly a1ways in contact

with the stair, the movement is not as smooth. The main difficulty in allowing the body to slide

down the stairs is that any load taken by the body is not applied to the legs. With smallloads on

the legs, it is difficult for them to apply propulsive force to the tread. In order for RHex to move

forward, its legs push off the rise of the stair, instead of the tread humans do. This works well on

stairs that have rises, but is a serious prob1em on stairs that don't, such as many outdoor wooden

and metal stairs, such as fire escapes.

• • a • a • a • •• • a • a • a • •
Figure 5-16 - Stop motion sequence of RHex descending flight #5. Rearmost legs recirculate tirst,
followed by middle and front. Legs in stance represented by black dots, legs in phase by open circles.
Legs are highlighted for clarity.
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o
Table 5-7 - Leg Angles and Phase times for Neds Descending Algorithm. Many spaces left blank on
purpose. Each leg pair works in a two-stroke mode, where they move between two targe positions.
Intermediate joint angles are linearly interpolated. This method allows us to choose the phase
difference between leg pairs, while retaining a two-stroke controller for each pair of legs. At right is
joint angle key. ..... 65 ~

NDA Phase Time Rear Middle Front
(sec) Leg (0) Leg (0) Leg (0)

Phase 1 .25 55
Phase 2 .15 -25
Phase 3 .2 60
Phase 4 .15 -40
Phase 5 .3 80
Phase 6 .15 -55
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Figure 5-17 - Data for stair descending: actualleg position (green), target leg position (blue) and
motor torque (red) for stair descending. Only left side is shown, as this gait is symmetrical in the
sagittal plane. Front legs are legs that lead the body during stair descending, although these legs are
used in rear for most other gaits.

5.3.3 EXPERIMI;NTS RUN DESCENDING STAIRS

We experimented with the descending control1er on the same stairs that we used in the ascending

experiments. Because the descending algorithm relies on pushing off of the rise of each stair,

RHex was not able to descend flights # 2, 4, 7, 8, and 9 successful1y. These flights are ignored

during this section. While the smaller set of flights does reduce the variation in geometry and

surfaces that are examined, the remaining flights of stairs still vary significantly from each other

in geometry and surface finish. The variation is large enough that the success of RHex on these

stairs demonstrates a robust ability, not merely a trick.

5.3.4 EXPERIMENTAL RESULTS

Basic Abilities
RHex descends stairs at a rate of 1.2 s/step. This is slow compared to a human, but not by too

much. We were unable to locate descending speeds of any other legged robots in the
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literature. While several robots, including the Ronda P3, Sony Asimo, and the SD-2 can all

descend stairs, there is no published information about the precise attributes most of these

controllers. We only know that the Raibert biped descended stairs at the same rate that it

ascended: 0.6 s/stair. Because there are even fewer stair descending legged robots than

ascending, this dearth of information is not surprising.

Even in failure, RHex reaches the bottom of the flight of stairs, and RHex is reliable

enough to survive a tumble. 1 have accidentally dropped RHex three meters onto concrete,

without visible result. We do prefer the more elegant NDA, however.

This controller is more sensitive to initial distance from the first stair than the ascending

NIAA, and so driver skill is required to prevent RHex from starting poorly. In all fortYtests that 1

ran of the NDA, RHex descended the stairs without relying on tumbling.

Energetics
The measure of cost for legged vehicles that was introduced in section 5.2.5, specific resistance,

is actually slightly higher for descending than ascending using the NBAA, but is lower than that

of NIAA. The comparison between the NIAA and the NDAA is fair because they operate on a

similar range of stairs, while the NBAA only works on a narrow range of stair geometries. This

difference is important because it is likely that the NBAA exploits details of the stair geometry

through tuned parameters to reduce cost.

There is at least one factor that will increase the specific resistance of descending

compared to ascending: in the interval between the testing of the ascending and descending

controllers RHex lost a full kilogram, when the electrical hardware underwent an overhaul. Mass

appears in the denominator of specific resistance, and so a heavier robot can be more efficient, all

other things being equal. This effect is overwhelmed by several other factors that increase the

efficiency of descending. At the very least, RHex must increase its potential energy while

ascending, and must lose it while descending. The direction of energy flow probably effects

energy consumption from the batteries. Second, the descending algorithm causes RHex to slide

on the stairs, removing the need for the legs to spend energy to simply support the body for

portions of the cycle. Finally, RHex descends 30% faster than it ascends, and so uses less total

energy for baseline operation, such as computer operation. Specifie resistance during stair

descending is given in Table 5-8.
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Power data forRHex(m.an power; 58.8296 W)
800r-----~-----.-,----_.r_----''_r----._---___,_----,__---___,

600

73.5 74

Figure 5-18 - Power consumption during a descent of flight #5. Spikes are of the same magnitude as
the NIAA, but are less frequent, so power use is only about 60% that of the NIAA.

F1ight # Success E(W) S.R.
(%)

1 100 92.24 7.1
3 100 57.94 4.3
5 100 62.9 5.1
6 100 48.28 4.0

Table 5-8- - Success rates, power consumption, and specifie resistance data for the 40 experiments
run descending four different flights of stairs. Stair parameters are in Table 5-4.

Reliability
The NDA is more susceptible to initial conditions than the NIAA. The errors that do occur while

descending do not tend to be as fatal as those that happen while ascending. RHex sometimes

skips stairs while descending, but overall performance is not affected by this tendency. It still

reaches the bottom of the stairs, and does not suffer any damage.



5.4 Stairs used in Experiments

Chapter 5

Figure 5-19 - Stairs used in experiments, left to right, top to bottom, stairs #1-#9
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5.5 Summary
Based first on intuition, and tuned with insights from biology and video analysis, 1 have designed

a stair ascending and descending controller for RHex. 1 tested it on a wide variety of human

sized stairs, and measured power consumption and speed, and calculated a measure of efficiency,

specifie resistance, for comparison purposes. The tests also were used to indicate the reliability

of the controller, and it was found to be excellent, resulting in only a handful of failures during

hundreds of experiments.

1 integrated the above behaviors into a single control1er in the standard RHex control

library. The controller is simple to use, the driver must only position the robot near the first stair.

The controller is reliable, experiencing only a handful of failures during hundreds of tests on

many different stairs. The controller is energy efficient, with specifie resistance values as low as

4.0. These attributes make RHex one ofthe most able stair traversing legged robots in the world.

It is the smallest robot of which we know which can climb human sized stairs. That it can do so

autonomously, reliably, and efficiently only adds to the accomplishment.
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This thesis presented the development and successful implementation of several different

compliant leg designs. Composite leaf springs were used in the leg designs, and the force versus

deflection characteristics of the legs are known from experiments. A controller that enabled

RHex to ascend and descend human sized stairs quickly, reliably, and efficiendy was designed,

coded, and tested. The success of this controller demonstrates that a seemingly complex problem

can be solved in using a simple, open loop control strategy. In conclusion, we highlight the

achievements, and motivate future worle

6.1 Summary

• Several leg designs have been built and evaluated with respect to many practical criteria,

including reliability and torque transmission capabilities. The Half-Circle legs and the hinged

Four-Bar legs have proved sufficient for use on RHex.

• We detennined the force vs. displacement properties of the legs that we designed, using

experiments. We then found simple models to give predictions of the static leg reaction

forces. This information can be used for creating more accurate simulations of RHex.

• RHex can ascend and descend nearly any stair it encounters, using only a simple open-Ioop

controller. We measured speed, power and efficiency while ascending a wide variety of

stairs, including fire escapes, wooden stairs, carpeted, and both indoor and outdoor stone and

concrete. We measured the same quantities while descending stairs on a smaller set of flights

that varied widely in size, but not in material. RHex is now the only robot of its size that can

climb stairs reliably, and is one of very few legged robots that can climb stairs autonomously,

without an external source of power or control. It is also nearly the fastest legged stair

climber, and certainly the fastest in its weight class.
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6.2 Suggestions for Future Leg Designs
The leg designs presented here have been successful at their stated goals of reliability,

compliance, and other metrics. But it is folly to think that they are optimal. Sorne of the

improvements listed below will improve performance, and others will increase our understanding

ofRHex.

Combining the uniform cross section, the spring kinematic constraints, and the loading

conditions of each spring yie1ds an uneven stress distribution when the springs are loaded. An

even stress distribution is desirable so that both compliance and durability can be optimized. We

could achieve an even distribution of stress by varying the cross section area of the spring. A

perfectly even distribution may not be possible due to space limitations on RHex, but an increase

in performance is certainly attainable.

6.2.1 LEG DAMPING

Determining the damping will lead to improved models of RHex. This parameter is especially

important for modeling and simulation of dynamic behaviors, such as bounding or pronking.

Dynamic tests are required to determine damping coefficients. It is unlikely that the damping

ratio would vary significantly with leg length, so it would be easy and beneficial to test the

damping at a single leg length. The same setup as used in the force versus displacements tests

could be used if the friction of the test apparatus could be reduced. From this a simple

approximation of the damping ratio could be found based on the decay of a free vibration using,

given the assumption of a second order spring mass damper system. Initial tests that 1 perfonned

indicate that this assumption might be valid.

6.2.2 ADD SECOND D.O.F.

In our publications, we have made much of the fact that RHex does what it does with only a

single actuated d.o.f. per leg We value the reliability, simplicity, and other benefits associated

with a minimally actuated system. Adding more d.o.f.'s, however, may provide benefits to

certain behaviors through additional flexibility of control. One such behavior is slope ascending,

which would be helped through the ability to shorten the legs, and thus lower the center of mass.

Running could be made more stable by being able to choose the touchdown angle more precise1y,

and by being able to shorten the legs during the swing phase. Finally, one ofthe long-term plans

for the Half-Circle legs involves adding a second actuated d.o.f., which would enable a special

behavior: rolling. If the main drive shaft, currently at the hip, is moved to the center of the Half­

Circle, RHex could roll on the leg. By using a modified tripod gait, we expect that speeds up to 2
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mis could be achieved. While the addition of a second actuated degree of freedom will have to be

done carefully in order to preserve current features, it has the potential to significantly enhance

the capabilities of RHex.

6.2.3 CAM LEG

While picking the best leg to use for stair climbing, we noted that a linear trajectory is desirable,

but not valued as highly as a short horizontal distance between the hip and the toe. We could

design a leg that would give a nearly linear trajectory, and low hip-toe distance, if we modify the

Half-Circle leg to have a cam profile. Since stair traversing is successful with the circle legs, it is

unclear if RHex should have legs that have been designed with such a specialized purpose in

mind. A "cam-leg" would have a pointed toe, which should make running simpler to analyze,

because it would give a point, not a rolling, contact. It is evident that the cam leg will not allow

for a "wheel mode" as the circle legs do. If the "wheel mode" becomes important to overall

perfonnance, this design will not offer enough benefit to warrant construction.

6.3 Suggestions for Future Stair Traversing
While the basic question of stairs has been answered to our satisfaction, there exist celiain

subclasses of the problem that might be interesting to explore.

6.3.1 MAXIMUM SINGLE STEP CAPABILITY

There are many examples of single steps, rather than entire flights of stairs, as obstacles in every

day life, such as roadside curbs. It might be possible to tune the algorithms described above to

traverse a single step that is taller than any that could be traversed repeatedly as part of a flight.

Altemately, entirely new "leaping" algorithms might be devised that would forgo the

ponderous statically-stable wave gait, in favor of something more drastic, that could clear a single

step quickly by jumping. This kind of behavior will become more of a possibility once RHex

acquires fast dynamic gaits, which willlikely happen in the near future. This will allow RHex to

build up the significant kinetic energy that can be tumed into potential energy by changing the

touchdown angle, as described by Raibert. [7] This is in fact a behavior that is currently being

developed by our RHex team colleague at the University of Michigan, Haldun Komsuoglu.

6.3.2 ENHANCED TURNING

Right now, RHex tends to follow the gradient of a flight of stairs because its legs are used in

pairs. It might be desired to tum at an even steeper angle in an emergency. It may be possible to
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tum through larger angles by modifying the stair-traversing algorithm discussed above. It was

mentioned that the limiting factor is the ability of the legs to reach the next stair during

recirculation. This problem may be overcome by adding a phase shift between contra laterallegs.

Thus the leg that can reach the stair in a tight tum should do so, and help to move the body up the

stairs until the other leg can also reach the stair. This idea will have problems if the sole leg

touching the next stair is unable to provide the necessary force. Still, we believe that this idea has

sorne merit, should such steep tuming be required.

6.3.3 FEEDBACK

By not relying information about the stairs gamered from sensors, we avoid many potential

pitfalls, such as sensor noise, range, speed, and reliability. That isn't to say that there are not

benefits to be reaped from using sensors to improve the stair ascending and descending. Sensors

wouId be especially suited to tasks such as automatic steering, power optimization, or automatic

positioning before the first step, which are not critical to operation, but are bells and whistles. It

should also be possible to tune the controller over several steps to increase speed, given

information and sorne metric, describing how well RHex is climbing. Body pitch angle, distance

from the stair, vision information, and motor torque could all be used to improve the stair

traversing algorithms we have presented here.
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Spring Material Selection

(A.l)

The discussion in the thesis did not completely eliminate any material from

consideration. There is a seemingly endless supply of materials that would have to be considered,

if we did not use our engineering judgment. Based on our familiarity with various plastics,

metals, and composites, we elected to use a composite material for the spring. This was done for

reasons outlined in chapter 3, including weight, stiffness, and resistance to creep. Exact material

properties for composites cannot be found in a textbook, but must be found through

experimentation. Lacking time to evaluate many different materials, we could use a simple series

of calculations to narrow the selection. We examine a simple cantilever beam with a force at one

end, with is a fair approximation of the leaf springs used in our legs. It is of length L, height h

and width b, and the beam is diagramed in Figure A- 1. .

Figure A-l - A simple cantilever beam with a force at one end.[47]

We start by finding the spring constant of the cantilever beam as a function of material and

geometry. Basic solid mechanics tells us that the deflection at the end ofthe beam, 8, is

FL'
8=­

3EI

Where E is the Young' s modulus, and 1 is the cross sectional inertia of the beam. The inertia can

be written in terms ofbeam geometry as:

Thus the deflection can be rewritten as:

bh'
1=-

12
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4FL'
0=­

Ebh'

AppendixA

(A.3)

Spring constant, k, is defined as deflection of the end of the beam per unit force applied to the

beam. Thus we solve for the spring constant as a function of geometry and material properties by

rearranging the last equation to get deflection per force:

8 4I;
-=-=k
F Ebh'

(A.4)

We see that the spring constant will be a cube function of length and height, but only a linear

function of width and Young Modulus, E. As a result, the best parameters with which to tune the

spring constant of our legs will be the length of the springs. Length will be especially easy to

tune, since we are able to simple grind the spring to shorten it.

We will find the maximum deflection of a rectangular cantilever beam in pure bending as

a function of its geometry and mechanical properties. This will tell us which material will deflect

the most before failure. This is the other quantity that must be optimized for the leg to perform

well, and reliably. In pure bending, the stress, a, is

M c
CT = -'''-' (A.S)

MlY 1

Where the MMAX is the maximum moment applied to the beam, and c is the maximum distance

from the centerline of the beam. MMax = FL and c = h/2. Then maximum stress, which we will

set equal to the yield stress, ay, in order to find the maximum stress before failure as a function of

applied force and geometry is equivalent to the yield stress, is:

6FL
CT = -- = CT (A 6)

MAX bh' y,"", •

Solve for Force, F, and substituting this into the deflection equation A.3 gives us the maximum

deflection before failure:

cS "'L~X
~ (J'riEL[) L2
3 E h

(A.7)

We see that the maximum deflection depends on both the material and the geometry of the beam.

We can use the ratio of yield stress to Young's modulus to pick the material that will permit the

largest deflection before yield for a given geometry. A material with a higher value of ay/E will

be a superior spring, because it will deflect further before yield than a similar spring of another

material. If we use length and height to tune the spring constant, we are left to maximize the

possible deflection, and thus the robustness of the spring, using the material properties. The

following table gives approximate values for a range of materials. We see that E type fiberglass,

based on the criteria defined here, is the best material for a compliant mechanism.
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AppendixA

Material Youngs Modulus Yield Stress

E [Mpsi (Gpa)] O'y [kpsi (MPa)]
(O'y/E) x 1000

Steel (1010 hot rolled) 30.0 (207) 269 (179) 0.87

Steel (4140 Q&T@ 400) 30.0 (207) 238 (1641) 7.90

Aluminum (1100 annealed) lOA (71.7) 5 (34) OA8

Aluminum (7975 heat treated) 10A (71.7) 73 (503) 7.00

Titanium (Ti-35A annealed) 16.5 (114) 30 (207) 1.80

Titanium (Ti-13 heat treated) 16.5 (114) 170 (1170) 10.00

Beryllium copper (CA170) 18.5 (128) 170 (1170) 9.20

Polycrystalline silicon 24.5 (169) 135 (930) 5.50

Polyethylene (HDPE) 0.2 (1 A) 4 (28) 20.00

Nylon (type 66) OA (2.8) 8 (55) 20.00

Polypropylene 0.2 (lA) 5 (34) 25.00

Kevlar (82% vol) in epoxy 12.0 (86) 220 (1517) 18.00

E-Glass (73.3% vol) in epoxy 8.1 (56) 238 (1640) 29.00

From [47], page 30
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