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Abstract

A robot’s locomotion mode fails when its environmental contacts fail, a situatitbedcalocomo-
tion error. For example, a legged robot cannot move when its leg becomes trappeikince, and
a wheeled robot is handicapped when its wheels skid. How can a raoverevhen its standard lo-
comotion mode fails? One way is to utilize any remaining freedoms to move the rabsttt@tion
where the robot’s standard locomotion mode is again feasible. Howevenipégand control for
such unconventional motion is difficult, since the relationship between tre'saiontrols and its
motion in a locomotion error is unclear. This complexity when combined with the taiarin en-
vironmental interaction (perceived as an “element of luck”) in a locomoticor @ppears as a lack
of structure, inducing operators to sometimes use random escape mandihis thesis proposes
finding recovery strategies by exploiting the structure inherent to the’sodanstrained mobility
and environmental interaction in the locomotion error. A robot equipped wittipteulocomotion
modes can choose between them depending on the circumstance, ultimatehutiog to robust
mobility.

While robotic locomotion fails in many ways depending on the robot's desigrtendnviron-
mental interaction, this thesis finds novel recovery modes involving a cotrdnnaf direct actu-
ation and dynamically coupled actuation for two specific locomotion errowst;, &rhigh-centered
legged robot, where the robot’s legs dangle in air; and second, a ppettén a slippery pit. In the
high-centered robot problem, we present a novel locomotion mode cdigldss locomotion”, that
allows the robot to locomote by rocking its body back and forth using leg switigut feedback
about the robot’s body motions. We use experiments and computer simulaticentdyidegless
locomotion’s properties and use simple models to derive an approximate Idectioique. In the
car-in-ditch problem, we use computer simulation to find a control strateglvingovheel torques
and an active-suspension that allows the car to roll out of the pit, while minignizork done and
perturbations to the car body. Finally, we present a classification steuftiutocomotion errors
based on environmental influence.
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Chapter 1

Introduction

Every mobile robot has a standard locomotion mode, depending on thesrdbstgn and its inter-
action with the environment. But a robot’s locomotion fails when the expecteat+environment
interaction fails. These situations, calledtomotion errors significantly impact robotic mobility,
even if they are isolated instances of failure. For example, a wheelet lomlmonotes by pushing
off the ground using wheel torques, but slips when ground tractionds gde key motivation for
our work is:How can we handle locomotion errors to improve the robustness of roimatizlity?

Our strategy for locomotion error recovery is to find new locomotion modetsallav the
robot to reach a situation where the standard locomotion mode is feasible. IBlidGomotion
modes ultimately contribute to mobile-robot robustness and autonomy, sincebthtecan choose
between locomotion modes depending on circumstances. Continuing the evhasdé example,
the robot can overcome slip-related locomotion errors using a controlkesttbases wheel torques
depending on ground traction conditions.

We believe thamobile-robot error recovery is a domain rich in interesting new problerosial
to robotics and we focus on two questions: How can we model mobile robot erropafcHn robots
recover from locomotion errors? This thesis provides an analysis ofgeaific legged and wheeled
locomotion failures, finds novel recovery modes, and designs gaits towepobot robustness.

While robotic locomotion fails for many reasons, this thesis focuses on locomfailares that
result from changes in robot-environment interaction. Two prominearhg@kes of robots failing due
to environmental interference and unpredictability are: 1) Sandstorjpdi@ autonomous Carnegie
Mellon humvee developed by the Red Team [3], failed a mission when it belc@meentered on
a road-side berm; and 2) the Mars rover Opportunity’s wheels sunk iséma@dune and required
three weeks of tele-operation for recovery (see Fig. 1.1 and [31ihd first case where Sandstorm



2 CHAPTER 1. INTRODUCTION

Courtesy: NASA/JPL

Figure 1.1: NASA rover Opportunity gets stuck on Mars.

becomes high-centered, Sandstorm has an undesired contact b#te/ean body and the ground
preventing locomotion, while in the second case where the rover beconpgedren sand, the
rover’s wheels does not have sufficient ground traction and noemaation forces.

This thesis develops novel recovery modes for two specific locomotiamnsert) locomoting
a high-centered legged robot; that is, a robot whose body rests omahedy and its legs do not
touch the ground; and 2) getting a wheeled robot out of a slippery pit.elhitfh-centered legged
robot problem, we show that the robot can translate by rocking on itsusiely leg swings; and in
the stuck-car problem, we show that the robot can take advantage ofrtamit effect of an active
suspension to escape. In both cases, the strategy is to move the robainfigaration where the
robot’s standard locomotion mode is feasible.

But what are the principles behind control for error-recovery locionanodes? We now com-
pare control methods for conventional locomotion modes and errov@gctmcomotion modes.

Control for Error Recovery Locomotion Modes

Control for error recovery can be complex, because error regauedes are not as structured as
“normal” locomotion. By structure, we refer to the strong relationship thataHy exists between
locomotion mode design and robot design. In particular, a robot’s desigsuely based on its
anticipated locomotion mode, which also depends on the environment theomdrates in. This
feedback between robot design and locomotion mode design permits a dysi@madysis of the
relationship between the robot’s controls and its motion. Here is an exampe:isdesigned to
travel on relatively flat ground using wheel torques, while relying onwheel-ground traction.



This locomotion mode is straightforward to analyze because the car’'s desigatomized for its
motion—spin the wheels and the car moves forward; rotate the steering, eandrtkurns. Thus,
it is simple to understand how the car's controls, namely wheel torquestesiing, influence its
motion.

In contrast, locomotion errors require atypical actuation resulting in moti@sth sometimes
difficult to anticipate during robot design. Continuing the car example, if Hreix stuck on a
berm, it needs to rock back and forth to free itself from the undesirethcbhetween the body
and the ground. In addition to the atypical wheel torques required &apes the car wheels may
also lose ground contact, thus complicating control. Clearly, a generic oat @gesigned for such
maneuvers, and a human driver may struggle in such circumstancesndrafjeghe pre-specified
robot morphology makes finding and analyzing error-recovery moitiésutt, and this difficulty
appears as a lack of structure in error recovery problems. In futurebot could be designed
anticipating alternate locomotion modes that help in error recovery, but énapmve expensive
and is beyond the scope of this thesis.

In the car example, we notice that the error recovery mode takes adgaoftag interplay of
the kinematics and the dynamics to produce net motion; that is, the car jerksabddorth by
varying its wheel torques and the ground contact mode. As the car oodke berm, its body also
pitches and rolls producing incremental translation. We call such locomataztuped through an
interplay of dynamics and kinematics across the robot’s freedtymamically coupled locomotion
Two other examples of dynamically-coupled actuation are satellite reorienteting spinning re-
action wheels (there are no environmental kinematic constraints, only ttanilyreffect induced
by angular momentum conservation) and a baby rolling over by rockinkdoaat forth (there is an
interplay between leg and arm swings and body rolling to produce locomotion)

The error-recovery locomotion modes studied in this thesis use a combin&timed actua-
tion, such as torques to wheels with ground contact, and dynamically coagliedtion, such as
robot internal shape changes that induce locomotion. In the high-edngged robot problem,
we show that the robot can control its translation curvature and velociatyyng its leg motions,
and we show in the stuck-car problem that the robot can escape fratchebgt making use of an
active suspension to control ground traction.

Error recovery modes and normal locomotion modes have difference® ityple of robot-
environment interaction also. Normal locomotion modes rely on a predictdiae-emvironment in-
teraction. For example, the standard locomotion mode for wheeled robateesslip-free wheel-
ground contact, and this allows us to compute the robot’s translation foea gikeel rotation. But
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a locomotion error like wheel-ground slip makes maotion prediction difficult, sinisedifficult to
know when exactly slip-free contact breaks. So locomotion modes duGogiotion errors can be
difficult to model as well as control. While an interesting problem, this thesis doeexplicitly
model such uncertainty and hybrid dynamics in robot-environment interactio

The unpredictability in error-recovery locomotion modes appears as areeteof "luck” or
randomness and is a major hurdle in finding the right control strategydoveey. For example, in
our experiments with a high-centered robot, while we used different leg nsotminduce escape,
it was difficult to predict when the robot escapes. But a close analf/ffie deg and body motions
showed that our controls were exciting small body rotations to induce incitairteanslation. Can
we find a low dimensional representation for these pseudo-randonolgitideally, we want to
exploit such structure to define a low dimensional gait space for locomotiorse Finally, the
motion produced by the error recovery modes discussed in this thesisfiguration-dependent,
further complicating analysis.

Error-recovery locomotion modes cannot replace conventional locomdtiecause they are
customized for locomotion errors. Furthermore, error recovery modgsaiaa be inefficient, be-
cause the locomotion error typically induces a handicap, such as disahliagt@ated freedom.
While standard locomotion modes are easier to model and are designgerferic mobility, under-
standing dynamically coupled locomotion techniques is crucial to explofiegnate locomotion
modes and improving robotic mobilityJnderstanding dynamically coupled locomotion may also
contribute towards better mechanical designs, since we explore hidpiabildzes.

The next two sections introduce the two case studies explored in this thekisofnotion for
high-centered robots and 2) a car escaping from a ditch. The solutepsowide for both problems
have one common trait: they both use dynamically coupled locomotion modes [ihait @xernal
mass distribution changes to induce motion.

1.1 Example Problem 1: Locomotion for High-centered Robots

Legged robots offer mobility in diverse terrain, but conventional leggedmaotion fails when the
robot is stuck. By "stuck”, we refer to instances where the robot calomger use its standard
locomotion technique because of external circumstances. One suchcengawhen a robot is
high-centered, that is, when its legs have no environmental contacFi@get.2). Since a legged
robot requires contact between each leg and the surface for locontbigammbot is stuck when it is
high-centered.
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Figure 1.2: The RHex experimental platform high-centered on a block (fttgx.net).

Our interest in locomotion for high-centered robots arose from experigith RHex [68],
a simple and highly mobile hexapod robot (see Fig. 1.2). We investigated ex Bets stuck
in rugged terrain through several structured experiments [4]. Theoament included various
arrangements of cinder-blocks and styrofoam, and we focused orRit®x’s body or legs get
trapped. It turned out that RHex was able to escape in most circumstansbkeer strength, except
when RHex is high-centered.

A high-centered RHex has few options—it can only swing its legs and raekdhot body
back and forth. Also, creating large body rotations is difficult with RHéight legs, flat bottom,
and heavy body. So producing sufficient dynamic effect through letipmeto cause the robot to
flip is not an option. Alternately, the small body rotations that the leg swingdusemay induce
incremental translation. Such incremental translation can be used to mowebtteuntil, say, it
falls off the block. But RHex's flat body limits such incremental translatiord any translation
depends on the friction profile along the body surface and the groundllyk- since the choice of
leg motions to produce maximal translation is unclear, RHex motion when it is leigteieed seems
“random”.

Suppose, instead of a flat bottom, RHex has a rolling contact between jtabddhe obstacle,
because the robot’s stomach or the obstacle is rounded. Then, evetosqadk induce the robot’s
attitude to oscillate and produce translation until the robot, say, falls off thekbld/e call this
incremental locomotion modegless locomotion

We project legless locomotion as a technique for escaping when a rolighiséntered; even
though the locomotion is slow and inefficient, the strategy is to translate whiledeigtered and
reach a situation where the robot can use its legs in a conventional darRelex’s case, it has
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no other option to recover from a high-centered state. In general bh@uljigh-centered legged
robot has at least three strategies to translate incrementally by rockingléing the body using

leg motions (see Fig. 1.3):

1. If the robot has a curved bottom, then the body rotations can incrememéaigfate the robot
assuming slip-free body-ground contact (rolling legless locomotion, iged B).

2. If the robot has an irregular bottom and the protrusions act as,feeeries of rolling and
yawing motions translates the robot by shifting its weight from one ‘foot’ wtlaer (walking
legless locomotion, see Fig. 1.5).

3. If the robot has a flat bottom, a net translation force can be produsiad jerky leg mo-
tions (sliding legless locomotion, similar to the Universal Planar Manipulatacequir{62]).

This thesis focuses on the first strategy that uses pure rolling betwesrd@urfaces, because
it offers a viable locomotion mode for a robot with inertial properties like RHE®r example,
the second strategy requires leg swings to produce sufficient dynaro&sfon the body to lift the
robot’s weight onto the pivot points, and this is difficult for a robot like éxHwith light legs and
a heavy body. Also, there are impacts each time the robot’s weight trarsferveen feet. These
impacts produce slip-related translation which is difficult to model analyticalyth@ other hand,
the third strategy requires modeling differences in frictional forces legemotion cycles, a difficult
proposition. In contrast, with a rounded body rolling on a flat surfacen emall torques causes
the robot’s attitude to oscillate, and these oscillations can generate translagoncoupled with
the slip-free contact constraints between the robot body and groufattasu Also, since all inter-
actions of the body with the environment are smooth, there are no disconsroitieodel. Thus,
locomoting a round-bodied robot on its stomach is effective and also ¢asievdel than a robot
with a jagged or flat bottom. This thesis focuses on the first strategy, roligigste locomotion,
henceforth referred to just as legless locomotion.

To simplify experimental study of legless locomotion, we need a structuréehsylat allows us
to identify legless locomotion’s key elements. This is because RHex is builtfgetelocomotion
and is thus not suited for studying legless locomotion!

We have constructed a simple prototype rofidte Rocking and Rolling Robot (RRRoheBe
Fig. 1.6) to study legless locomotion. RRRobot is an unconventional bipbkds itegs, but the legs
never touch the ground! RRRobot locomotes by rocking on its sphetwalagh. Since its legs
act only as reaction masses, they are better chlidtgres after the dumbbells sometimes used by
athletes to give impetus in leaping.
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Figure 1.3: Three types of legless locomotion: rolling, walking, and slidingllirigy legless lo-
comotion (see Fig. 1.5) and walking legless locomotion (see Fig. 1.4) ensre lvdaly rotational
oscillations are produced by leg motions. Sliding legless locomotion occuns avhet frictional

force is produced over the cycle of planar body motions caused by legmaofihis thesis focusses
on rolling legless locomaotion.

Considering just RRRobot’s body rotations and sphere-plane coritarhktics while ignoring
the dynamics of how the rotations are produced, Fig. 1.4 shows a seqokimterleaved roll and
yaw body rotations that induces translation. A challenge in legless locomottonfirsd the leg
motions that create body attitude oscillations which, when coupled with the fwmdmic con-
tact constraints, cause RRRobot to locomote in the plane. While random leghsoteyy induce
incremental translation, we ideally want a low dimensional gait space fosskfgleomotion.

Our RRRobot experiments and simulations suggest that body-attitude osedllptioduced by
leg motions are a practical way of translating in a high-centered state. Fuadhe legless loco-
motion has many interesting aspects that will offer an understanding ofrdgally coupled lo-
comotion, in particular the interaction between the configuration-depeirdtia, the oscillatory
dynamics, and the contact kinematics. In this thesis, we study legless locorbp@mswering the
following questions:

e How can we model legless locomotion? What are the key parameters?

e How is legless locomotion related to other locomotion techniques?

e How can we control legless locomotion?

Chapter 3 presents answers to these questions and suggests intendstengdrk. We now review
the other problem studied in this thesis: a novel locomotion strategy for aucdria a ditch.
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Figure 1.4: Body roll and yaw rotations that produce translation. Motioasepresented as rota-
tions about axes attached to the body but aligned with the world coordiaate frThere is a local
roll rotation between positions (a) and (b) and positions (c) and (d)etisea local yaw rotation
between positions (b) and (c) and positions (d) and (e).
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Figure 1.5: Walking legless locomotion: body oscillations can produce locomfatia robot with
body protrusions.

Figure 1.6: The RRRobot experimental platform uses halteres to indutyedttitude oscillations
leading to body translations.
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Figure 1.7: Sandstorm, an autonomous humvee [3], overturned durtag tes

1.2 Example Problem 2: A Car Stuck in a Ditch

Wheeled locomotion fails in many ways, such as wheel slip due to poor tracttbuedicle over-
turning (see Fig. 1.7). This section introduces the problem of a whedbed stuck in a ditch (see
Fig. 1.8), where the robot’s conventional locomotion strategy, namelyndristraight out, fails.
We propose a control strategy that combines wheel torques with unt@wal use of an active
suspension.

One approach for escape is to rock the robot back and forth in the ditldhriyg up sufficient
momentum to roll out, as though “bouncing” the car out of the ditch. This mak viiahe robot
has sufficient power, and wheel-ground slip is not an issue. Butosgpwe want the robot to
escape without wheel-ground slip, because it is energy conservinglbas easier to model. This
restrictive condition becomes particularly acute with the limited traction along tbp stepes, and
wheel-torque control may alone be insufficient. In such a situation, caeta@ suspension help?

As the robot rolls back and forth, the robot’s mass oscillates on the ssispenausing changes
to the ground reaction forces. Can we use an active suspension td@xes on the car mass,
changing the ground reaction forces to satisfy the problem constraimg?nélve strategy is to
keep pushing the robot mass upwards to increase the ground norwtédmearce and, hence, the
traction limits. But this is impractical because the robot mass’s motion is limited. Whike we
canpushthe robot mass upwards to increase available traction, we also npatl tiee robot mass
downwards to satisfy its geometric constraints when sufficient traction ikabka This idea can
be likened to a motorcyclist shifting his weight up and down to control whesmkgl interaction.



1.3. CONTRIBUTIONS 11

Figure 1.8: Schematic diagram of a wheeled robot in a large ditch. Thé mudss sits on an active
suspension.

This thesis hypothesizes that unconventional use of components likdies ficspension can
play a crucial role in mobile-robot error-recovery problems. Furtheemee show that there exists
a structure in this specific locomotion error that can be exploited to find gaitslina a car trapped
in a ditch to escape. Using simplified simulation models, we present an algorittsodadinated
use of wheel torques and active suspension to escape, while minimizinggsprass oscillations,
and also explore solutions using dynamic programming.

We explore the following questions in chapter 4:

e How can we find a locomotion behavior using wheel torques and actsy@ession forces to
induce the car to escape from the ditch?

e How do the system parameters influence the solution?

Even though we only provide a locomotion behavior for a simplified model usimglation,
we expect that the locomotion strategy and the structural analysis we @rigvagplicable to the
practical problem of a wheeled robot stuck in a ditch. We now summarize #ssthcontributions.

1.3 Contributions

This thesis makes three contributions:
1. Finding structure in mobile-robot error recovery.
2. Discovering and understanding legless locomotion.

3. Designing gaits for locomotion error recovery.
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We now discuss each of the contributions.

1. Finding structure in mobile-robot error recovery.

When mobile robots fail, there is usually little analysis of the circumstances ofdadlnd
the controls that the robot has to recover. This is because locomotias areodifficult to
guantify and recovery modes difficult to analyze. We use two examples$ighecentered
robot problem and the stuck-car problem, to show that mobile-robat ertovery problems
do have structure. By structure, we refer to the low-dimensional gaitespae have found
for the error recovery modes we focus on. For example, to free ad@gtered robot, we ini-
tially tried different leg motions to induce body rotations and incremental tréimislalr hese
seemingly random leg-motion behaviors guided us toward thinking aboaifisdeg mo-
tions that take advantage of the robot-ground contact and the robotsrdgs. We believe
that many locomotion errors offer structured low-dimensional locomotion sy@ie glean-
ing novel recovery modes from “random” escape attempts requirestutanalysis of the
robot’s motion in the error circumstances.

We also show that the dynamics and geometry of locomotion errors can ledstisthg first
principles to find alternate control techniques for recovery. In particwi&find new locomo-
tion modes that utilize internal configuration changes and ground contacdte dynamic
effect. A key principle we propose is that having a set of such novehnhmtion modes ul-
timately contributes to mobile-robot autonomy, since the robot can choosedretifferent
locomotion modes depending on the situation. However, our approacimaoe®del the un-
certainty in robot-environment interaction. Future work involves findingrarmon structure
in mobile robot errors using contact analysis and finding new forms cdmtjcally coupled
locomotion.

2. Legless locomotion: a novel locomotion technique.
Our study of how mobile robots get stuck led to a high-centered-robotriotton mode
called legless locomotion. Legless locomotion is a result of the interaction betyveand
contact and body rotations produced by carefully chosen leg motioggedsslocomotion lies
in a new space of underactuated locomotion (see Fig. 1.9), becausecohthiation of its
properties: a variable inertia, body-environment contact constramispscillatory motion.

We constructed a simple prototype robot called The Rocking and RollingtRolexplore
the key elements of legless locomotion. We provide a gait for legless locomotiballbws
planar translation with variable curvature and velocity by varying the legcta@jes. We
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Figure 1.9: Robots that use varied forms of underactuated locomotioledsdgcomotion occupies
a new domain in the space of underactuated locomotion.

provide results from experiment with RHex [4] and RRRobot and dynaimmalations of
RRRobot, and the results match qualitatively.

Understanding legless locomotion using simplified modeégless locomotion is complex
because of its dynamically coupled actuation, namely the complex interactiom dbteed
oscillators (the body pitch and roll dynamics produced by leg motions), thergtations
about the contact point, and the nonholonomic contact constraints. $ladeing the inter-
play of dynamics and contact kinematics, say, between robot locomotied gpealirection
and the inputs is difficult.

We provide an analysis of legless locomotion using simplified decoupled modelarth-

lyze the elements separately. For example, we quantify the individual astidnk of the

sphere-plane contact (namely, the relationship between oscillatory btations and planar
translations) and the relationship between leg motions and body roll, pitclyaandbtations

using independent models. We go further by understanding the influéheg motions on

each of the body’s rotational freedoms. We finally combine these simplifiecis@oody

rotation dynamics and contact kinematics) to define the relationship betweRatR®Rtrans-

lation and leg inputs for gait design.

3. Error-recovery Gait Generatiorie solve the gait generation problem for the two unconven-
tional locomotion modes considered in this thesis using dynamic systems thdmr\gaits
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we find are low-dimensional behaviors inspired by the seemingly randatmotonodes that
we find initially.

We define legless-locomotion gait generation as the mapping from planalatian to leg
motions; that is, given a desired translation direction, we find the leg motioh&élod it.
Note that we ignore tracking the body rotations specifically and focus anlyacking av-
erage contact-point path. Finding such a mapping is challenging becgiesslibbcomotion
is dynamic, oscillatory, and has variable inertia and nonholonomic constr&untdhermore,
RRRobot's dynamics is dependent on the body and leg configurations anderactuated.
We approach the control problem using decoupled models to provide aingapgtween
RRRobot motion curvature and leg motions, while showing that the decouplddisnaro-
vide a good approximation to the full dynamics model.

In the stuck-car problem, we find control techniques that use whealdergnd an active
suspension to induce escape while satisfying environmental constramtiew®lop solutions
for varying problem parameters using our intuition into the system dynamatslamamic
programming. We measure the solution quality with an objective function invohviods
done and sprung-mass oscillations. Finding metrics for locomotion erroveey problems
is still an open problem though.

We now summarize the similarities and the differences in the two control problBuis
locomotion modes are applicable in error-recovery and allow the robotatihra situation
where the standard locomotion is applicable again. Furthermore, they usaintess dis-
tribution changes to induce motion. In both problems, the locomotion error ivoteneae of
desired contact; in the high-centered robot problem, the robot’s legstdouth the ground,
while in the stuck-car problem, the issue is poor wheel-ground traction.

But the two problems have their differences. In the high-centered pybbtem, the controls

in the legless locomotion problem are used primarily to produce locomotion wifbous-

ing on using the controls to satisfy environment constraints. In the stuckroblem, the
controls are used to produce motion as well as satisfy constraints. Alsthause different
approaches to explore the two error-recovery gait spaces, simeadlzedifference in problem
complexity. Since RRRobot’s state spac&$, we use Lagrangian dynamics and decoupled
dynamics models. Since the stuck-car problem’s state sp&e vge use numerical methods
in addition to a Lagrangian analysis.

We now provide the thesis road map.
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1.4 Thesis Road Map

After reviewing related work in Chapter 2, we then present legless locomoti€hapter 3. We
discuss our approach to exploring the stuck-car problem in Chapteli@wéd by a discussion of
the thesis’s contributions and research extensions in Chapter 5.

1.5 Chapter Dependencies

e Chapters 1 and 2 are self-contained.
e Chapters 3 and 4 depends on chapter 1.

e Chapter 5 requires chapters 3 and 4.

1.6 Publication Note

Most of Chapter 3 appears in [17], [16], and [13], while parts of il appears in [14].



Chapter 2

Background

We now review background and related work, organized in four sextion

e Locomotion techniques
e Locomotion error and recovery
e Techniques for modeling mechanical systems

e Control techniques for dynamics systems

2.1 Locomotion Techniques

Locomotion, defined by the Merriam-Webster dictionary as the act or pofreoving from place
to place [ocus + motiorn), is an important problem in robotics. While there are many forms of
locomotion, including locomotion modes for land, water, and air, this thesisésoonly on ground
locomaotion.

Two primary forms of ground locomotion are legged locomotion and wheel@adrloton. Re-
searchers have studied various forms of legged locomotion for the mobilifelis §60, 68, 82, 54,
58, 37, 66, 18, 51]. Similarly, researchers have explored variqussfof wheeled locomotion for
the efficiency it offers in structured terrain [45, 43, 52, 61, 19, B4,539]. Recently, undulatory or
snake-like locomotion has become popular in the robotics community for the stalpitityraction
it offers [32]. Many interesting aspects of undulatory locomotion hawntexplored by using the
snakeboard [48, 59] and roller racer [44] as examples.

16
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Terrestrial locomotion
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Figure 2.1: Statically stable locomotion classification [81].

Yim [81] provides a classification structure for statically-stable locomotiea (&g. 2.1), while
we provide a classification structure for dynamically stable locomotion using thiearchical
levels (see Fig. 2.2):

e Level 1 discusses the nature of dynamic stability, whether the system is tadigalby stable,
neutrally stable, or unstable [64]. A stable system, after a perturbatiomseo a stable limit
cycle or an equilibrium point after a perturbation. An asymptotically stablesyseturns to
the original limit cycle or an equilibrium point, while a neutrally stable system nsttw a
new nearby limit cycle or equilibrium point.

e Level 2 discusses the nature of contact between robot and envirgrdepending on whether
there is slip between bodies. For example, the Universal Planar Manip{82forequires
slip between objects and the table surface on which the parts are moved andile legged
locomotion requires no slip between the round body and the surface.

e Level 3 discusses the locomotion mode’s dynamics. The locomotion dynanpesdieon
whether there is a flight phase, in which case the dynamics is hybrid. Alsaymamics
depends on the origin of forces used to propel the robot. For examphglking, reaction
forces from direct contact between the ground and a leg induceslprap, while in satellite
reorientation, reaction forces from swinging reaction masses indudgsrbtation (dynami-
cally coupled locomotion).

Legless locomotion, the locomotion mode we propose for high-centeretsydtas properties
that differentiate it from conventional locomotion modes. Legless locomotidgriamic, asymp-
totically stable (in the presence of small disturbances and external daniRRpbot behaves as
an inverted pendulum), and requires pure rolling contact between itsabatithe ground. In addi-
tion, legless locomotion has a configuration-dependent inertia, lacks ftigbe, and is subject to
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Level 1 Nature of Dynamic Stability
Asymptotic Stability or Neutral Stability or Unstable

Level 2 Nature of Contact
Rolling or Sliding

Point Contact (Multiple?) or Surface Contact

Level 3 Nature of Dynamics

Flight Phase or No Flight Phase
(SLIP model)
Direct actuation or Dynamically coupled actuation

Figure 2.2: Dynamically stable locomotion classification.

Figure 2.3: The universal planar manipulator [62].
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gravitational drift. Legless locomotion’s interesting features resulting ttogrinterplay of contact
constraints and body rotational dynamics are explored in chapter 3. Wpnesent related work in
analyzing locomotion errors and recovery modes.

2.2 Mobile-Robot Error Recovery

Improving the robustness of robotic locomotion requires an understanéiimgv robotic locomo-
tion fails. But a generic analysis of these problems is difficult, since how alenabot fails and
how it recovers depends directly on the specifics of its design, the envénat, and an element of
luck. Carlson and Murphy [42] present a survey of how unmannedrgt vehicles fail, using infor-
mation from various urban search-and-rescue operations. While staingahile-robot reliability
was low, they the list effector and the control system as two primary faikwees.

Most prior work focuses on error diagnosis using high-level reagptechniques on sensor
data [79] and not on how robots get physically stuck. In this section,ratgpfiovide a classification
of mobile-robot errors and then review some novel recovery modes.

2.2.1 Locomotion Error Classification

A robot’s locomotion mode depends on the nature of ground contact anehblo#s dynamics
and can include many types of locomotion gaits (actuation patterns). For Eampning and
trotting are gaits that have the following common characteristics: neutralyarstic stability,
point contact, direct actuation, and a flight phase. But the robot’sdegngl contact during each
leg cycle in running is different from those in trotting. Thus, they belongifferént locomotion
modes. Similarly, a walking gait for a multi-legged robot with a leg disabled andlking gait
with all legs functioning belong to different locomotion modes.

We define a locomotion error as an undesired external event thasfarchange from one
locomotion mode to another mode. For example, an animal purposely chargimgiie trot mode
to the running mode is not a locomotion-error, but a multi-legged robot brgakleg constitutes
an error, since this forces the robot to use a different locomotion mode.

Using these notions of a locomotion mode and a locomotion error, we now praithssifica-
tion structure for locomotion errors (see Fig. 2.4):

e Level 1 categorizes errors based on whether the cause of the failsitware or hardware
or whether the error is due to the robot’s circumstances.
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Locomotion Error Causes
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Figure 2.4: Locomotion error classification

e Level 2: Within situational errors, the failure may be due to the presenem aindesired
contact, the absence of a desired contact, or the presence of a kindnwailarity.

e Level 3: Absence of a desired contact can occur in two ways: eithez theno contact at
all (as in the high-centered case), or there is intermittent contact. Internutiatdct can
occur in a variety of ways; for example, slipping on a partially greased, flmopartially
high-centered robot that has leg-ground contact only at certain dmafigurations.

This thesis focuses on locomotion errors due to situations that result in se@abof a desired
contact, such as high-centered robots (no contact) and cars with patiotr We now briefly
review literature in the area of mobile-robot error recovery.
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2.2.2 Locomotion Error Recovery

There has been some work in finding robot maneuvers that could aabasexovery techniques,
although they are not portrayed as error recovery techniques. Hale [@0] present a singly
actuated hopping robot that self-orients itself before propulsion (ge@5). Once the robot lands,
it reorients itself in the required direction of motion. Tunstel [76] discuasgsnetic programming
approach to finding uprighting maneuvers for a nanorover. The algoetfaluates the maneuver
guality using the power consumed, the time elapsed, and the percentaggmrafssrmade.

While recovery modes allow a robot to return to its stock locomotion mode, thgndelssome
robots allow some locomotion modes to work even after an error. For exameglearchers at
Carnegie Mellon have developed a highly maneuverable robot callede3pifjthat has an actuated
suspension and can operate even when inverted. RHex can walk dpswdealso, but uprighting is
useful when RHex uses automatic vision to navigate. Saranli [69] dsekack-flips as a technique
for ‘uprighting’ RHex (see Fig. 1.2).

Fujiwara et al. [36] explore safe falling techniques for humanoid rol#osafe falling technique
is important because a humanoid robot’s center of gravity is typically highsansitive objects
like cameras and motors can be damaged during a fall. The key idea theytasmiiimize the
robot’s vertical velocity, and hence the impact force, by taking advangéathe angular momentum
conservation principle. This is achieved by first shortening leg length to miaith gravitational
moment on the body and then extending the leg to minimize angular velocity. This ulimate
minimizes

In contrast, four legged robots like the AIBO [5] are not significantly dgesbwhen they fall
down while walking, since their center of gravity is low. In fact, they areduserobotic soccer
games [78], and one of the “kicking” strategies is to hit the ball with the Headplaying the front
legs and falling forward. After falling the robots recover using a stamdraneuver.

An interesting open problem is understanding the severity of a locomotionamnd deciding
on whether to use a recovery technique. The robot may also have teectimoappropriate recovery
mode to use based on circumstances.

2.3 Dynamics Systems Modeling Techniques

Finding the dynamic and kinematic models that truly represent a robot's motisséntal for
developing the right control techniques. We now give a glimpse of theerafhignodeling techniques
that have been used for different mobile robots. We show through otk that such structured
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CALTEGH!/JFL

Figure 2.5: A single degree of freedom hopping robot that self-origsedf before propulsion
(Courtesy: Caltech/JPL).

modeling techniques help understand complex error-recovery problsms a

Legless locomotion, the primary locomotion mode this thesis explores, involvesténplay
between body roll-pitch-yaw attitude dynamics and kinematic honholonomic atardastraints.
Numerous investigators have studied dynamic systems with constraints ugjrapgen dynam-
ics [30] or the energy-momentum method. Lewis et al. [48] study the camstranechanics of
the constant-inertianakeboardsee Fig. 2.6), a modified version of a skateboard in which wheel
directions can be controlled. The snakeboard rider locomotes by twistifigehisody back and
forth, while simultaneously moving the wheel-directions with a suitable phasgoredhip. Lewis
et al. present numerical simulations of snakeboard locomotion usingotéasiic wheel motions
and discuss a framework for studying mechanical systems with constraiatgdordinate-free
form. Zenkov et al. [83] discuss the energy-momentum method for cootrdynamic systems
with nonholonomic constraints such as the rattleback, the roller racer, andllimg disk. After
identifying system symmetries, Zenkov et al. use momentum equations to attayzgstem. We
use the Lagrangian method to study RRRobot’s dynamics.

While RRRobot’s body spatial position and orientation (called fiher space[22]) are not
directly controlled, its leg configuration (called tlhase spaceis controllable. Ostrowski [59]
presents a general framework for studying systems where the fibez spa be represented as a
group. Since only the base space is actuated, Ostrowski findsreectiorrelating the base space
velocities to the fiber velocities. While Ostrowski focusses on systems wititaxarinertias, simple
constraints, and no gravitational drift, such as the snakeboard andrtiseldnake, RRRobot has a
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Figure 2.6: The snakeboard.
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spherical contact with the plane, a configuration-dependent inertiagranitational drift. Thus, it
is unclear if Ostrowski's framework can be extended to encompass RRRRebavior.

RRRobot locomotes by rolling its round body on the planar surface. Tivattuwes of the two
surfaces and the type of contact between the two surfaces determinadh®akic constraints and,
consequently, the relative motion between the two bodies. Montana [58gs¢he equations of
motion for the contact point between two moving rigid bodies using differegéiaimetry. Camicia
et al. [26] provide an analysis of the nonholonomic kinematics and dynairftiocs Sphericlg21], a
hollow ball driven on a planar surface by an unicycle placed insidett&ttaarya and Agrawal [20]
present a spherical rolling robot that locomotes using two orthogohaisrplaced inside. They
derive driftless equations of motion using the conservation of angular mameand the contact
constraints. The Sphericle, Bhattacharya’s robot, and RRRobotdiaiar nonholonomic con-
tact constraints, but RRRobot’s oscillatory body rotations differentiatgdatsar motion (see [57]
and [50] for more details on nonholonomic constraints).

If we ignore RRRobot’s ground contact constraints and assume RRRdlmating in space, the
problem of controlling RRRobot’s body motion (position and orientation) ceduo simply con-
trolling its body attitude. Fernandes et al. [35] discuss near-optimal nomtimic motion planning
for coupled bodies using Lagrangian dynamics and the principle of angumentum conserva-
tion. Modeling a falling cat as two links attached either through an actuateémsal joint or an
actuated spherical joint, Fernandes et al. find plans to land a falling ¢t f@et from an arbitrary
starting point. RRRobot’s body attitude control is complex because both theitip are aligned.
This results in large reaction forces on the body pitch freedom, while tleiaadorces are small
on the body roll and yaw freedoms. Also, the roll and yaw body motionsnaieced by the non-
linear effects that arise from a configuration-dependent inertia.nlbeashown that by repeatedly
wiggling the legs while exploiting the inertia variances, RRRobot can adjustiéatation. This
contrasts with satellite reorientation using spinning reaction wheels—the ineftthe satellite
system do not change with rotation of reaction wheels [65], and hencaligned reaction wheels
are necessary for complete control.

To isolate the contributions of leg motions and body attitude changes to RRRtlaoislation,
we approximate the RRRobot-on-a-plane model by decoupling the body attiyuthmics from
the contact kinematics (see section 3.5.1 for more details). We also simplify [RIRRmotion
by decoupling the robot’'s non-actuated freedoms. For example, we gtadgfluence of the leg
motions on the robot’s pitch, roll, and yaw freedoms separately.

This approximate approach of splitting the dynamics from the kinematics isatiffélom the
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Spring length
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Figure 2.7: The Spring Loaded Inverted Pendulum model is used as a terigpslRHex’s locomo-
tion.

exact kinematic reduction technique of Bullo et al. [23] for mechanicadksys with constraints. In
general, it is advantageous to find kinematic reductions, since a kinemat®allged system uses
velocity inputs and is easier to control than a dynamic system with force inputst is unclear if
we can find a kinematic reduction for RRRobot (see section 2.4 for a be@tiient of kinematic
reduction techniques).

Sometimes it is useful to view dynamic systems at a more abstract level byjesaiyng mul-
tiple links as a single link, since this eliminates the complexity of joints and serveguaisie for
control. For example, Full and Koditschek [63] use models called templateeddy eliminat-
ing or combining joints and actuators to understand bipedal locomotion. Simididy)dorfer et
al. [10] find evidence for the Spring Loaded Inverted Pendulum templa&eRg. 2.7) in RHex’s
motion, and Schmitt and Holmes [70] propose the Lateral Leg Spring templatedtpiegect lo-
comotion in the horizontal plane. A legless-locomotion template could possiblyone-tegged
model with multiple degrees of freedom (see Fig. 2.8). See section 5.2 fer detail on how the
multi-degree of freedom leg can induce body roll, pitch, and yaw rotatiatgptioduce translation.

2.4 Control for Dynamics Systems

Control in robotics may be defined as finding a mapping from the desirest robtion to the
available inputs (see Fig. 2.9). In general, control is easier if there ispam tio control each of the
robot’s freedoms (fully actuated) and if the dynamics does not dependrdiguration. But many
robots are not fully actuated, and the robot’s motion depends on coetiigor making control
difficult. Furthermore, this thesis explores control strategies for locomaiioors that require a
combination of dynamically coupled actuation and direct actuation. We naeweelated work
in two areas: 1) Planning and control for dynamic systems and 2) Dynamicexamations and
simplifications.
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Figure 2.8: Legless locomotion generic model.
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Figure 2.9: The control problem.
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Figure 2.10: The RRRobot control problem.
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Figure 2.11: The planar skater.

Planning and Control Techniques for Dynamic Systems

Planning techniques are available for underactuated systems with grawtatiifirand no nonholo-
nomic contact constraints, and underactuated systems with nonholonortactcoonstraints and
no gravitational drift. With reference to systems with no nonholonomic contarstraints, Walsh et
al. [39] present a planning strategy for a constant-inertia satellite in sgtitta varying number of
controlled rotors. Walsh and Sastry [80] extend this approach to a multidliplemar skater, whose
inertia is configuration-dependent (see Fig. 2.11). Fernandes 8bhprpovide a near-optimal plan-
ning technique for a falling cat, and Papadopoulos and Dubowsky {&@&] that nearly any planning
technique used for fixed-base manipulators can be used for planemddating space manipula-
tors. The key idea in these approaches is to use the angular-momentuenvating principle to
find a kinematic representation of the dynamic system.

We now look at planning for systems with nonholonomic contact constraidts@mstant iner-
tia, like theSnakeboar48], and systems with non-holonomic contact constraints and a cortfigura
dependent inertia, like the Trikke [71]. As discussed before in secti®ntBe snakeboard is a
variation of the skateboard with controllable wheel directions and a rotoe. Trikke consists of
two rigid links connected by a revolute joint, and each link has a passivelwahéhe distal ends.
Both the snakeboard and the Trikke locomote through the interplay of stmt@dmomentum and
varying wheel directions. Bullo and Lewis [34] provide planning primitifesthe Snakeboard
by finding a kinematic representation, while Shammas et al. [71] provide sahghit generation
strategy using height functions for the snakeboard and the Trikke Otedimat RRRobot is in a new
space of dynamic underactuated systems with configuration-dependdi#,inontact constraints,
and gravitational drift. Currently, it is unclear if we can exploit kinematicuetitbns and height
functions for RRRobot control.

We now review some of the control techniques relevant to the stuck-ahlegon (see section 1.2
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for an introduction).

The problem of getting robots to escape from a ditch is similar to the well-studiedilt
problem [75], where the goal is to get a car over a hill by controlling theekkorques. Many re-
inforcement learning solutions that build momentum through cyclic applicatiorpotsrare avail-
able [75][11]. The problem we explore is more complex because of paneled state and input
space—we can change the car’'s mass distribution using the active siaspi@raddition to control-
ling the robot’s velocity using wheel torques. The expanded state-ippreesopens the possibility
for the controller to utilize “gaits” that synchronize wheel torques and@stispension forces. Also
we provide intuition into important aspects of the system dynamics such astéeditaction and
Coriolis effects. In chapter 4, we develop an approximate time-optimal dyramgramming [46]
solution, but one could also imagine using randomized search technifijes fihd similar strate-
gies. Such numerical techniques help establish the existence of approzohadiens.

Our stuck-car work is also related to Spong’s research on swingntpotof an underactuated
revolute-revolute arm [73], where the goal is to swing the arm from thealig stable vertical-
down configuration to the inverted position by “pumping in” energy usingldeek linearization.
Representing the wheel rolling in the ditch by a revolute arm and the mass matithe @ctive
suspension by a prismatic joint, our problem is similar to the swing-up of a fatlyaded revolute-
prismatic arm with dynamic constraints represented by the traction limits.

The automotive industry has extensively studied the use of active sispdn improve ride
comfort; most research assumes that the car mass is supported vertigapang-damper system
and develops various control methods to minimize vehicle vibration [29, 2BJyre [9] proposes
using an active suspension to minimize the stopping distance on flat groumashing down on
the wheels to extract greater traction limits. This paper contrasts Alleynels byoconsidering
non-flat ground, which induces different dynamics due to Coriolis amtiifugal effects.

System Dynamics Approximations

RRRobot's dynamically coupled locomotion mode is complex, because of thelaydretween
body rotational dynamics and the nonholonomic contact constraints. VéeglecRRRobot's dy-
namics into a set of simplified models that decouple the robot’s motion into its indiMickedoms.
Another technique for simplifying the dynamics include linearizing the congsitesn about an
operating point. Even though an approximation, linearization provides issigio many control
systems. Several researchers have linearized a control systemtmegquabout nominal trajectories
to get insights into a robot’s motion [56, 41]. For example, Laumond [4&sp¥arious linearization
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Figure 2.12: The Yaw model: the body, pivoted at its body center, cafyfretate about the yaw
axis, and the two legs with point masses at the distal ends are actuated.

techniques to control a nonholonomic car-like robot. RRRobot’s dynaroes ot lend itself to lin-
earization. While RRRobot’s pitch and roll dynamics can be modeled as lipgtanss, RRRobot’s
yaw dynamics is inherently non-linear. The non-linearities arising from &®Rs configuration-
dependent inertia are essential to produce net body yaw.

Controlling a dynamic system such as RRRobot is difficult because it leastagronal and
velocity-related drift and control inputs that are forces. In contraagrkatic systems control is
easier since the control inputs are velocities and there is no drift. So it fal usecheck if a
dynamic system can lreducedto a kinematic system.

Typically, it is not straightforward to find a kinematic model that completelyesgnts a me-
chanical system. For a generic mechanical system to admit a kinematic redlticisystem must
satisfy certain properties, as expressed in [23]. Bullo and Lynchg&lide a direct algorithm for
finding kinematic reductions by enforcing the condition that the kinematic systest satisfy the
mechanical system’s dynamic constraints at arbitrary time scaling.

It is unclear if a kinematic reduction exists for RRRobot, but we have feukidematic reduc-
tion for a simplified model, called the Yaw model (see Fig. 3.47), derived bgwjaing RRRobot’s
body rotations [12]. An important property of the Yaw model that helpsearive its kinematic
reduction is that the yaw model’s Lagrangian is invariant to yaw rotationsjghthere is asym-
metry. This allows us to plan kinematically for the body’s yaw rotation using velocityisor
leg motions. These kinematic plans can then be converted to dynamic planseChéaas more
information on the Yaw model and its kinematic reduction.
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2.5 Summary

Our work is at the intersection of three areas: 1) dynamic systems mode)irtynamic sys-
tems control and planning, and 3) mobile robotics. This chapter touchesafdheerelated work,
while maintaining a balance between algorithmic techniques for mechanicainsyated exper-
imental mobile-robotics research. We also emphasize that the problems leeeex@amely the
high-centered robot problem and the stuck-car problem. have notebgdored before and offer
new insights into control for mechanical systems.

We now analyze legless locomotion in Chapter 3.



Chapter 3

Legless Locomotion: Models,
Experiments, and Control

In this chapter, we present a novel locomotion strategy called legless Iticonhar high-centered
legged robots. We term a legged robot is high-centered when its legstdounh the ground:;
this is a locomotion error since a legged robot requires slip-free legagroantact. We desire a
locomotion strategy that allows us to reach the robot to a situation where iesame its stock
locomotion mode.

Our work is motivated by our experience with RHex, a hexapod robot. WRtdex becomes
high-centered on, say, a cinderblock, its legs become ineffectivabsedhey cannot produce mo-
tion by pushing off the ground). Our initial exploration for escape modea fogh-centered RHex
included any leg motion that excites body rotations and incremental transl@tierstrategy was to
use such incremental translation until RHex falls off the block, after whidlex® stock locomo-
tion mode can resume. While random leg swings may induce a high-centbadadranslate, we
desire a structured gait that allows us to control a high-centered rabotisn and guide it toward
escape.

By carefully analyzing the dynamics and kinematics of high-centered roletshow in this
chapter that there exists a low dimensional gait structure in the space afilegssthat induce a
high-centered robot to translate. We call this structured locomotion modiestetpcomotion”.
Simply put, legless locomotion is a method of translation for high-centered robioig small body
rotations induced by leg swings.

To simplify our analysis of legless locomotion, we have constructed a simpi¢ cabbed The
Rocking and Rolling Robot (RRRobot), a round-bodied legged robsoisheways high-centered.

31
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We use a round-bodied robot instead of a flat-bottomed robot like RH®e a rounded bottom
permits larger body rotations with a rolling contact than a flat bottom; the lamgy kotations
can lead to larger translation. Also, even though RRRobot’s leg swings Hoay the robot to
completely tumble over or lose contact, we restrict our analysis to leg motionsthate small
body attitude oscillations about a stable equilibrium. This is motivated by RHexphotogy—
RHex’s legs are too light to induce its heavy body to tumble by swinging its legsWigh-centered.
Section 1.1 and our ICRA 2004 movie [15] also provide an overview ofhoativation for legless
locomation.

We demonstrate legless locomotion through experiments with RHex and RR&absimula-
tions and models of RRRobot. We show that out-of-phase leg motions credtetiitude oscilla-
tions which, when coupled with the slip-free contact constraints, locomotebw in the plane.
Furthermore, we show that by varying the leg trajectories, we can cah&obbot’s planar motion.

We present, in section 3.1, The Rocking and Rolling Robot, the prototypeckigiered robot
we use to study legless locomotion. In section 3.2, we present a model cblRR&Rdynamics,
followed by an analysis of RRRobot’s sphere-plane contact kinematiegiios 3.3. In section 3.4,
we present, using experiments and simulation, legless locomotion gaits—leg ntb@bmsduce
RRRobot to translate—followed by an exploration of the range of motionghl@ausing sinusoidal
leg trajectories. In section 3.5, we present a set of simplified models thadipriasight into legless
locomotion, and show in section 3.6 that the simplified models can be used tomeoalvol for
legless-locomaotion.

3.1 AnIntroduction to The Rocking and Rolling Robot

The Rocking and Rolling RoboRRRobadtis a hemispherical shell with two short actuated legs (see
Fig. 3.1). RRRobot is always high-centered since its legs never toudrdlied, and is thus an
unconventional bipedal robot. Note that RRRobot’s morphology is similatiwdegged round-
bodied high-centered RHex.

RRRobot’s light legs have reaction masses at their distal ends similar to katterelumbbells
sometimes used by athletes to give impetus in leaping. The battery and proaesattached to
the hemisphere bottom, and we assume the sphere rolls on the plane. RRRasstdistribution
is designed so that it behaves as an inverted pendulum, and its body atttitigtes about its
stable equilibrium damped by ground friction. The goal is to locomote RRRolibtiplane in its
high-centered state through oscillatory body rotations induced by leg swing



3.1. ANINTRODUCTION TO THE ROCKING AND ROLLING ROBOT 33

Figure 3.1: The RRRobot is a hemisphere with two short actuated legs [16].

RRRobot's motion structure permits a clean split of the body-ground cdkitemnatics and the
leg-body rotational dynamics for separate analysis. We exploit this dimisjpeatedly to understand
RRRobot’s complex motion. We first briefly present how the kinematics andrdics contribute
to RRRobot’s motion, before exploring them deeply in subsequent seciidhis chapter.

A First Look at RRRobot’s motion

Since we restrict our analysis to leg motions that induce RRRobot to behavarlikaverted pen-
dulum, we focus on body attitude oscillations which when coupled with the nondmic contact
constraints induce its rounded body to translate in the plane. For exampld,F&hows a sequence
of interleaved roll-yaw body rotations that cause a sphere to translatg terX-axis. Similarly,
Fig. 3.3 shows a sequence of interleaved pitch-yaw body rotations thsg<a sphere to translate
along the Y-axis. We will see in section 3.3 that the robot translates evers# theerleaved body
rotations are replaced with smooth out-of-phase body oscillations with thect@hase relation-
ship. Since RRRobot’s body is spherical, we restrict our analysis taisphkodies only; a similar
analysis can be performed for any smooth body-ground contact.

Note that body yaw oscillations are a crucial common element of both bodyawlland pitch-
yaw oscillations that induce a sphere to locomote. Furthermore, if the ssgeémotations in
Figs. 3.2 and 3.3 are repeated, the robot continues to move in the same dirébtig, cyclic body
rotations induce RRRobot to translate along a straight line.

One challenge we focus on in legless locomotion is to find the leg trajectorieh wt@ate the
body attitude oscillations to induce RRRobot to locomote in the plane. We nowytdisfluss the
factors influencing RRRobot's body attitude oscillations and the spacedgfriotations that can be
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Figure 3.2: Body roll-yaw rotations that produce locomotion. Motions goesisented as rotations
about axes attached to the body but aligned with the world coordinate franege is a local roll
rotation between positions 1 and 2 and positions 3 and 4; there is a localoyatiom between
positions 2 and 3 and positions 4 and 5.



3.1. ANINTRODUCTION TO THE ROCKING AND ROLLING ROBOT 35

1 2 3

Local pitch axis
Local yaw axis

Local pitch axis

Contact point Contact point
at start path

4 5

Local yaw axis

Contact point Contact point
at start at end

Figure 3.3: Body pitch-yaw rotations that produce locomotion. Motionsegreesented as rotations
about axes attached to the body but aligned with the world coordinate ffEmeee is a local pitch
rotation between positions 1 and 2 and positions 3 and 4; there is a localoyatiom between
positions 2 and 3 and positions 4 and 5.
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induced through leg swings.

Since there are no kinematic constraints between RRRobot’s legs (the d@pptndages) and
the ground (the environment), the internal dynamics (the shape chasfijgeddby leg motions) and
gravitational drift define RRRobot’s body roll, pitch, and yaw dynamicRRRbot body roll and
pitch attitude motions behave as an inverted pendulum forced by the leg matmahthie body pitch
and roll static equilibrium configuration is determined by leg configurationekample, if the legs
are in the vertical configuration, the stable body pitch configuration is tteegitch configuration;
and if the legs are offset from the vertical, the robot’s stable pitch caoriigun is offset in the
direction of leg offset. Ground friction provides the damping to bring batihphg and rolling to a
stop at the stable configuration.

In contrast to the inverted pendulum behavior of RRRobot’s body rall @itch motions, its
yaw configuration is stable, since gravity does not produce any momeut #ie vertical Z-axis.
Body yaw rotations are induced through the reaction forces productstjbnotions only, and the
conservation of angular momentum principle provides insight into RRRobotly yaw dynamics.
For example, if the two legs moveout-of-phase with each other, they cause the robot body to yaw.
This contrasts with zero phase-difference leg motions that producetmoatien. So, by choosing
the correct leg phase difference, we can produce body yaw osciliation

In addition to leg motions that induce body yaw oscillations, there exist cyclierletjons
that exploit inertia differences to induce net yaw. Producing net baglyig important because it
allows us to control the curvature of robot’s path. As the body pitch-yswillations induce linear
translation, any net body yaw causes the robot’s path to curve. WesdifRRRobot's body yaw
dynamics in section 3.5

Finally, the direct alignment between RRRobot's pitch motions and the hip joiotdupes
large-amplitude body pitch rotations when compared with body roll rotatioagh&influence of
body roll oscillations on RRRaobot’s motion is comparatively small.

This brief analysis shows that by carefully choosing leg motions, we carcin®RRobot’s
body roll, pitch, and yaw attitude to oscillate and the body’s net yaw cordigur to change. Such
body attitude oscillations when coupled with the contact constraints offéraciiged locomotion
mode for a high-centered robot. We now formally explore RRRobot's miyesusing Lagrangian
methods.
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3.2 RRRobot Dynamics Model

We begin studyindegless locomotioby modeling RRRobot on a plane. The RRRobot-on-a-plane
model is a hemispherical shell with two short actuated legs sitting on a plaaéige3.1). The
massless shell has radiusand the massless legs have lengthThere are five masses on the
robot: a mass at the distal end of each leg (representing reaction nv$sasnass where each leg

is pinned (representing servo madg), and a mass at the bottom of the shell (representing battery
and processor ma$8,). Torquest; andt, may be applied at the leg joints, the shell rolls on the
plane without slip, and gravity induces natural roll and pitch oscillations.

RRRobot’s configuratiom, consists of the sphere’s position and orientatiryy, R) with re-
spect to a spatial frame and the internal configuration of its(leg®,). We also refer to RRRobot’s
internal configuration as the robothape HereR= R(6y,8,,6,) € SQ(3) represents the sphere’s
orientation according to the yaw-pitch-roll body-fixed angle conventd®.[Thus,

ql’l’ = (X7 y7 R(GY7 ep7 er)7(pl7(p2)T € Rz X Sq3) X Sl X Sl‘ (31)

The equations of motion for RRRobot on a plane can be derived usirrghgign dynamics [30]
and take the form

M (Gl )Girr +C (G, G )G +G(ar) = T+ (A1wh)T + A2?) T + L, (3.2)
wgr = 0, (3.3)

WG = O, (3.4)

o' = (1,0,0,—rcosBy, —rcosBpsinby,0,0),  (3.5)

o’ = (0,1,0,—rsinBy,rcosd, coshy,0,0), (3.6)

whereM(qy) € R”™7 is the positive-definite non-diagonal configuration-dependent massmatr
C(tr, G )G € R is the vector of Coriolis and centrifugal termS(qy, ) € R is the vector of
gravitational terms, and = (0,0,0,0,0,11,T2)" is the generalized force. The generalized force
indicates that only the legs are actuated.

The sphere-plane no-slip contact constraints [55] are defined byai8d3(3.4). The one-forms
in (3.5) and (3.6) define the directions in configuration space along whelatigential contact
forces act. The symbolg;, A, € R represent the magnitudes of the contact constraint force€,and
represents viscous damping. Note that we bundle all body-groundotdodaes, including dry and
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viscous friction, intal,, .

Note that RRRobot’s equations of motion are complex (over one hundredjtand understand-
ing the contribution of various elements like robot shape, mass distributidr;anrol choices is
difficult. So we discuss RRRobot’'s motion by splitting it into two parts: the sppknee contact
kinematics and the leg-body dynamics. We now discuss RRRobot’s coiriachétics.

3.3 Sphere-plane contact kinematics

In this section, we study RRRobot’s sphere-plane contact kinematicsn@&pendent of the leg-
body dynamics. The nonholonomic sphere-plane contact constraimts lgyv(3.3) and (3.4) de-
fine the relationship between body orientation changes (defined in afbedyframe) and planar
translation. For example, if the robot’s body pitch configuration chandeie Wwody roll and yaw
configuration are zero, the robot translates along the X-axis. Similarlye ffidhot’s body roll con-
figuration changes while body pitch and yaw configuration are zeroptinat translates along the
Y-axis. However, body yaw rotations produce zero translation, bangh the robot’s planar orien-
tation. Note that elements 6 and 7di anduw? are zero, indicating that leg configuration does not
contribute to the contact kinematics.

The constraints in (3.3) and (3.4) are identical for any sphere rollingpdaree, but RRRobot’s
inverted pendulum behavior and the resulting oscillatory body rotations gligsim its planar mo-
tion. First, since we are specifically interested in RRRobot’s net translaimoharacterize
RRRobot's translation speed and direction using its net motion over a btatiorocycle and not
its instantaneous state. Thus, even if RRRobot’s body attitude oscillatioss itaa deviate from
its average path, we only use its net translation over a cycle to charadteripeed and direction.
Second, since the contact constraints are non-integrable [55], wetd@ave an algebraic relation-
ship between net translation and cyclic body rotations. This implies that a mainanalysis is
required to understand the contact point’s net motion for different lattityde trajectories.

An important concept in robotics is the space of configurations a rolmatezech. For example,
can RRRobot reach any point in the plane using small body-attitude oscifiatiéble now use
specific examples to show that the contact constraints in (3.3) and (3.4 )¥allplanar accessibility
by choosing different body-rotation trajectories. Since we are intet@stbe net planar translation
over each cycle of RRRobot’s body attitude oscillation, we restrict ouysisao the influence of
body attitude oscillation amplitude and phase on RRRobot’s translation. Notbdtgtattitude
oscillation frequency only time-scales the path, while body attitude offset dokinfluence the
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Figure 3.4: The path taken by a sphere rolling on a plane changes withaliddgle trajectory. The
figure shows how the contact point evolves over one cycle for diffgpitch-yaw phase relation-
ships, given by, = 0,8, = sin(t), andBy = sin(t + fy).

sphere-plane contact geometry.

Fig. 3.4 shows that net contact-point displacement is restricted to the Yeaarious unit-
amplitude sinusoidal body pitch-yaw phase relationships (with zero bdtly Even though the
contact point's X-coordinate oscillates because of the body pitch oscikatiba net displacement
along the X-axis is zero. A similar relationship exists between net X-axis dispiant and various
body roll-yaw phase relationships (with zero pitch). With reference to $sglecomotion, this
simple analysis alludes to the body rotations that the leg motions must create te thduobot to
move in a specific direction; for example, to induce RRRobot to translate #iengaxis, we need
to find the leg motions that induce body pitch-yaw attitude oscillations.

Note that the net planar displacement is maximum when the body pitch-yawitse®5) or
roll-yaw phase difference ig/2 and is zero when pitch and yaw or roll and yaw are in phage or
out-of-phase. This implies that there is an optimal choice of body rotatioseptedationships that
induce maximum translation for each cycle of body rotation. Thus, for ledtEsomotion, it is
advantageous to find the leg motions that induce body rotations with the pHasenship that
produces maximum translation for each leg-motion cycle. We explore in s&#dhthe space of
body attitude oscillations RRRobot’s leg motions can produce.
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Figure 3.5: Translation magnitude as a function of body yaw phase (farea gitch oscillation
trajectory and zero roll) for a sphere (radius 0.12 m).

If body rotations are non-zero along all three axes, namely the bodypith, and yaw axes,
translation in any direction is possible. Fig. 3.6 shows translation directionfascdon of the
phase of sinusoidal roll and yaw oscillations with respect to pitch oscillabeeseach cycle. For
the same amplitude of roll, pitch, and yaw rotations, the translation direction oonsty varies
with the relative phase difference between body roll and yaw rotatiodsbady pitch and yaw
rotations. For example, if the pitch-yaw phase difference is closg/2oand the roll-yaw phase
difference is close to zero, then the translation direction aligns closely with-&xés. Conversely,
if the roll-yaw phase difference is close 132 and the pitch-yaw phase difference is close to zero,
then the translation direction aligns closely with the body-fixed X-axis.

Note that the translation magnitude changes with the relative body rotatioe alsas Fig. 3.7
shows the translation magnitude as a function of roll and yaw phasesddrgiich phase.

Translation direction varies as a function of roll and pitch oscillation amplitiadses (see
Fig. 3.8). As body roll amplitude increases relative to body pitch amplitudeslation direction
shifts from the body-fixed Y-axis. Connecting back to legless locomotiemete that RRRobot's
body pitch rotations are larger than its body roll oscillations, because itsihig fre aligned with
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Figure 3.6: Translation direction for a sphere (radius 0.12 m) on a pla@eafe cycle in body-
rotation space given b§; = sin(t + ), 0, = sin(t), and6y = sin(t + By).
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Figure 3.7: Translation magnitude for a sphere (radius 0.12 m) on a plemeoaé cycle in body-
rotation space given b§; = sin(t + B),0, = sin(t), and6y = sin(t + By).
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Figure 3.8: Translation direction for a sphere (radius 0.12 m) on a plaeeafe cycle in body-
rotation space given b§ = A, sin(t +11/2), 0, = sin(t), and6y = Aysin(t + 11/4).
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Figure 3.9: Translation magnitude for a sphere (radius 0.12 m) on a plkeneré cycle in body-
rotation space given b§; = 0,6, = sin(t), and6, = aysin(t + 11/4).

the body pitch axis. This indicates that RRRobot’s predominant translatientidin is along its
body fixed Y-axis.

Also, translation magnitude depends on roll-pitch-yaw oscillation amplitudespatticular,
Fig. 3.9 shows how translation magnitude changes with yaw amplitude for i jgiitadn trajectory
and zero roll oscillations.

Thus, by varying the body attitude phase and amplitude relationships, i@ s@meock and roll
along any direction. The important fact here is that translation directiondd fior a given phase
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Figure 3.10: Contact-point time history for a sphere (radius 0.12 m) on & gkanting from the
origin for the body-rotation phase relationship given@y= 6, = 0.15sin8t), and6y, = 0.1t +
0.15sin8t 4+ 1/2). The arrows indicate robot yaw orientation.

and amplitude relationship; that is, cyclic body attitude oscillations causes llo¢ tia translate

along a fixed direction.

So what body rotations cause the robot's path to curve? We get cuathd when the body
yaw configuration drifts in addition to body pitch-yaw or roll-yaw oscillatioRiy. 3.10 provides an
example of how translation curves when body yaw drifts—the robot mo\eesincle. Furthermore,
translation curvature increases with yaw drift rate—the circle radiusrbesesmaller.

Note that while we use sinusoidal body rotations to illustrate the contact kinesrRERRobot’s
body attitude oscillations created by the leg motions are not necessarily ig@lusélso, even
though the contact kinematics permit translation in any direction for différeay attitude trajecto-
ries, RRRobot’s leg-body dynamics limits the range of locomotion. For exasiplee RRRobot's
roll amplitudes are small compared with body pitch oscillation amplitudes, transkalomg the
body-fixed Y-axis dominates translation along the body-fixed X-axis. Silpildre limited body
roll-pitch-yaw phase relationships produced by the leg dynamics limit transhagiocities. How-
ever, curved translation is possible since we can produce varyingyaadwrift rates using different
leg trajectories (see section 3.5.2 and [16]). A challenge in legless loconmtmfind the leg mo-
tions that produce the body rotations to induce the desired translation. Wexmpbore gaits for

legless locomotion that allow full planar accessibility.
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3.4 Legless Locomotion Gaits

This section presents leg motions thatinduce RRRobot to translate througtetipéay of RRRobot’s
body attitude oscillations and the contact constraints. Many candidate leg syatiarh as aperi-
odic and non-smooth trajectories, exist but we restrict our analysis teasdal leg trajectories for
simplicity.

We choose leg trajectories of the foasin(wt + 3) + Yy, wherea represents the leg amplitude,
w the leg angular frequency the leg phase difference, awdhe leg offset. We mainly study
the influence of leg offset and leg phase difference on RRRobot’sl&téon, while fixing the leg
amplitude and frequency.

We choose leg oscillation amplitudes that keep body oscillation amplitudes small to na@nimiz
body-ground contact slip. We set leg oscillation frequency slightly greag the natural oscil-
latory frequency to excite reasonable amplitude body attitude oscillationsvié lEgh and low
frequency leg oscillations, since the body motions induced by such leg malionst exhibit the
slip-free rocking and rolling behavior we are interested in exploring.

In all our experiments, the robot starts from rest at the origin with the letheivertical position,
and a PD controller tracks the desired leg trajectories. The robot hasedbdck about its global
position and body orientation and runs open loop.

We now present results from experiments with a tethered RRRobot amiethered RRRobot,
focused on studying legless locomotion’s gaits. We simultaneously compaeggbemental re-
sults to those from simulation (using RRRobot’s equations of motion in (3.2¥edtion 3.4.2, we
then analyze using simulation the range of planar translations that RRRIggot'sotions allow.

3.4.1 Demonstrating Legless Locomotion Using Experiments arSimulation

Our legless locomotion experimental set-up consists of two versions. Bhednsion has a sus-
pended tether providing servo power and control signals. The se@aibn is autonomous with
the controller and power supply on-board, thus eliminating disturbanoestfie tether. We ex-
plore the influence of varying the leg offsets on RRRobot’s planar trams|avhile keeping leg

frequencies, leg phase difference, and leg amplitude fixed.

We use the following parameter values: servo midss- 0.053 kg, leg reaction masst§ =
0.057 kg, leg length = 0.1 m, and gravityy = 9.81 m/s. Note that RRRobot’s motion is particularly
sensitive to mass distribution differences and ground traction, since BiRRanotion relies on
slip-free contact and small inertia differences arising from leg swingsekgure that these effects
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are not overwhelmed by the larger body pitch oscillations and body-grslim

With only the servos hinged on the body, we can control the untetherecdbBitRhass dis-
tribution carefully, but must ensure that the disturbances from the tetbesnaall. The tethered
RRRobot’s radius is 0.12 m, and battery and processor are modeled withtsidig— 0.3 kg. The
untethered RRRobot presents a different challenge—while the robaitis@mous, its mass distri-
bution must be carefully tuned using weights to ensure symmetry, since tbespay and battery
weight is fixed to the hemisphere bottom. The untethered RRRobot’s radiukbisn) and battery
and processor massh4, = 0.168 kg.

We explore individual gaits in the tethered version, while we explore gaisitians in the
untethered version. In both versions, we keep body oscillations small to mainiizel-ground
slip. This is required for proper comparison with the simulation results, wisshirae slip-free
body-ground contact.

We develop our simulation in Mathematica [2]. While we can model many of leglessiio-
tion’s parameters like RRRobot's mass distribution, the body shape, andgthejectories, the
body-ground traction losses are difficult to model. For example, whendRBiRs released from
a non-zero body pitch or roll configuration and allowed to oscillate freaflgomt leg swings, the
oscillation amplitude decreases with time, indicating that the robot loses enbegyrailing on the
ground. Also, if RRRobot is spun about its contact point (that is thetrpéas in the plane), the
robot stops rotating after some time. This is again because the robot laygy &hen spinning
about its contact point.

The energy losses when RRRaobot rolls on the ground or spins aboobi&ct points arise
from a combination of dry and viscous friction. Dry friction results frondipground slip, while
viscous friction results from the body-ground rolling and aerodynamicantmsn.

Dry friction is easy to model using, say, a Coloumb friction model, but makesd®RBRs dy-
namics more complex when included. This is because RRRobot’'s dynammséetybrid; that
is, RRRobot's dynamics transitions between two models depending on wiiethteaction forces
exceed the friction cone—one model when the body slides on the groaudidtr forces exceed
the friction cone, and there is energy loss), and another when the bliglgpm the ground (traction
forces inside the friction cone, and there is no energy loss). Since tliis foeuses on under-
standing RRRobot’s novel coupled motion and not on modeling the contbeéde two smooth
surfaces, we ignore dry friction in our RRRobot simulation, and bundka@lbody-ground contact
losses into viscous damping coefficients. Furthermore, this implies that wet dwodel differences
between static and dynamic friction also.
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We model viscous damping losses as being proportional to configuratiorities and may be
included without resorting to hybrid models. We choose viscous dampirffjcieets that permit
a qualitative comparison between RRRobot’s motion in experiment and simulatamevdr, our
choice of ignoring dry friction losses results in differences between stionland experiment.

RRRobot’s Linear And Curved Translation Gaits

In this section, we explore RRRobot’s linear and curved translation gaitgédodlly using simula-
tions and experiments with the tethered RRRobot. We explore two specifionveos the sinusoidal
gait: in Gait 1, the legs oscillate about the vertical position (offg&), and in Gait 2, the legs os-
cillate about a positiom/4 off the horizontal in Gait 2. The leg amplitude is set to 0.3 rad and leg
angular frequency to 7.5 rad/s. The experiments and simulations runddrwrdred seconds, and
an overhead camera tracks the robot-ground contact point’s motion.

Gait 1 produces translation along the Y axis (see Fig. 3.11) by inducingituh-yaw oscilla-
tions and negligible body roll rotations. The robot translates at about 2.5eamvexperiment and
about 8 mm/sec in simulation.

Gait 2 produces counter-clockwise circular translation (see Fig. 3u}ala combination of
body pitch-yaw oscillations, body yaw drift, and small roll oscillations. Thleot covers half a
circle in experiment and simulation, translating at about 2.5 mm/sec and turradgpuatt 1.5/sec.
In both gaits, swapping the relative phase between the two legs prodacskation in the opposite
direction. The initial transients produced by ramping the legs from rest istddkired trajectories
are visible in experiment and simulation and dampen out after a few cycles.

Our experience indicates that gaits with leg offset close to the horizontd) éde not reliable.
This is because as the leg offset gets closer to the horizontal, the bodyoptitlations become
smaller and the body roll oscillation amplitudes are too small to overcome groactobtr losses.
Thus, RRRobot’s translation becomes very small and loses its characteitistie/aw oscillatory
rotations.

We thus focus on gaits with offset betwer and 31/4 (45 either side of the vertical).

The robot’s paths in simulation and experiment match qualitatively. In partjchlpath cur-
vature in simulation and experiment match well—the robot translates linearlyatcwe zero) in
gait 1, while it curves with radius approximately 0.1 m in gait 2. While the roliadisslation ve-
locity in gait 2 compares well between experiment and simulation, the robat'slataon velocity
in gait 1 is smaller in experiment than in simulation.

The difference in gait 1's translation velocity between experiment and siiowiles probably
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Figure 3.11: Planar plots of contact-point time history during sideways lotomproduced by
Gait 1 in RRRobot-on-a-plane simulation and RRRobot-on-a-plane expdriribe solid arrow
gives robot motion direction, and the dotted lines indicate the robot posititie apecified time.
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Figure 3.12: Planar plots of contact-point time history during counter-almekcircular locomotion
produced by Gait 2 in RRRobot-on-a-plane simulation and RRRobotjlaree experiment. The
solid arrow gives robot motion direction, and the dotted lines indicate thet mdmition at the

specified time.
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due to errors in modeling ground friction. Body-ground friction involvesebination of dry fric-

tion (Coulomb friction) and viscous friction (velocity dependent). Thesmetds impede motion
by dissipating the system’s energy. Since we bundle all the ground frictieat®into viscous
friction in simulation, some discrepancy between experiment and simulation. exists

For example, in simulation, we assume that the robot can freely yaw abadriteect point with
a little viscous damping. Also, simulation does not include dynamic and static frieffeats. In
experiment, however, the body cannot freely yaw due to a combinatiory @l viscous friction.
This causes the robot’s back-and-forth planar motions to be more clgsalgdin experiment than
the back-and-forth motions seen in simulation.

This effect is particularly severe for gait 1, because the translatiadupsal by gait 1 is a result
of the body-pitch oscillations, and the body is required to yaw when the pibctyand roll velocities
are zero. The static friction at the extreme pitch and roll configurations iegoeddy yaw motion.
This effect is smaller in gait 2, since the robot rolls, pitches, and yaws sinadtesly. Thus, the
pitch-roll velocity is never zero and the dynamic friction does not impede géations as much as
static friction. This effect is apparent in the spacing between RRRoleantls-Bnd-forth paths in the
plane—the paths are closely spaced in gait 1, when compared to the pa#its2inThis difference
in ground resistance to yawing at a point is similar to the relative difficulty oifitigra car’s steering
wheel when the car is stationary when compared to turning the car’s gfednzel when the car is
moving.

There are many parameters in legless locomotion, namely the body shape titzgeletories,
the mass distribution, and body-ground friction and slip. We have mostly elinlimfferences
between experiment and simulation in all these parameters except in baalydgriction and slip,
since modeling body-ground friction is difficult. Our simulations bundle alldsgato the viscous
damping coefficients by setting viscous dampipgto

L = (—0.6%,—0.6y, —0.058;, —0.004%,, —0.010,, —0.01¢y, —0.01¢,) . (3.7)

Note that the viscous damping coefficients in the translation and rotationofreedre coupled.
For example, the damping losses alongYhaxis are related to the damping losses along the pitch
axis, but it is difficult to find the exact mapping between the losses in eaeddm. We choose
damping coefficients to provide a qualitative comparison between the robotisn in experiment
and simulation.

In summary, since legless locomotion is a dynamically coupled locomotion mode theer
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Figure 3.13: Studying gait transitions in legless locomotion: the offset oilnssidal gaits change
from 11/2 to 5r/8 to 11/2 and then to &/4.

dynamic effect of the leg swings is transferred through the contact geptogroduce motion, the
losses are larger and more difficult to model when compared with a conrahlii@omotion mode
like walking. Given that legless locomotion is an unconventional locomotion rdedegned for
locomoting a high-centered robot and that legless locomotion is slow anyvealgelieve that the
difference in translation velocities between experiment and simulation is mificant.

We now present experiments and simulation to explore gait transitions fooRRR

RRRobot Gait Transitions

While we presented an individual analysis of RRRobot's linear and duramslation gaits in the
previous subsection, we now present an analysis of RRRobot’s ioehalien its gaits are se-
guenced. In particular, we use computer simulations and experiments witliethared RRRobot
to study how leg trajectory transients affect RRRobot’s translation whangihg from a linear
translation gait to a curved translation gait and vice versa. We use sialilmjdrajectories (am-
plitude 0.65 rad, phase differentg2, and frequency 7.5 rad/s) with the following sequence of leg
offsets (see Fig. 3.13): leg offsgf2 for eighty cycles (linear translation, period 1), leg offset&
for forty cycles (curved translation, period 2), leg offsg® for eighty cycles (linear translation,
period 3), and leg offsetr®4 for forty cycles (curved translation, period 4). Smooth transitions
from one gait to another are executed inside ten cycles. A Vicon motidiheagystem [7] tracks
the motion of the robot body (six markers on the hemisphere rim) and the legsr{ankers on
each leg) at 120 frames/sec. The motion-capture data permits us to parfaomplete geometric
analysis of RRRobot’s motion.

Fig. 3.14 shows the time history of planar translation in experiment, and Fig sBds the
time history of planar translation in simulation. Since RRRobot runs open-tbeprobot drifts
from the expected path in experiment due to unmodeled disturbances asigéiita. This is seen
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particularly in the periods where the robot is supposed to translate linearipds 1 and 3). Note
that such drift can be corrected with feedback using computer visioredidhsensors.

The robot’s planar path in experiment and simulation match qualitatively. Budiierence is
RRRobot’s slow linear translation velocity in experiment when compared witteltgity in sim-
ulation. We attribute this to the errors in ground traction modeling (as discuisgbd previous
subsubsection). RRRobot’s linear translation gait experiences significaground friction, which
is difficult to model. Since we bundle dry and viscous ground friction intootsadamping coeffi-
cients in our simulations, differences between RRRobot’s translation iniexgr@ and simulation
are inevitable, and we notice this in the linear translation gait. We also notice th&ratisients
dampen out more quickly in simulation than in experiment. The important point Figs 3.14
and 3.15 is that RRRaobot can translate with variable curvature and hasatemlanar accessibility
using different leg trajectory offsets.

In addition to measuring RRRobot’s planar translation, the motion capture liats ais to
guantify RRRobot’s body rotations and leg motions seen in our experimethtsiranlations.
Figs. 3.16 and 3.17 show the leg trajectories executed during the experififenichange in leg
offsets fromrt/2 to 5r/8 to 11/2 and then to &/4 between the periods is evident. Fig. 3.18 shows
the leg phase differences during each of the periods; while we expsektaircles because the
commanded leg trajectories amg2 out-of-phase with each other, the distorted circles indicate that
there are errors in tracking the commanded leg trajectories.

Fig. 3.19 shows the time history of body pitch rotations in experiment, while Fi@. shaws
the time history of body pitch rotations in simulation. In both experiment and simu)dtiermean
body pitch configuration during periods 2 and 4 are different fromahogeriods 1 and 3, since the
leg offsets are different and gravity causes the robot to lean (pitchgiaffket direction. However,
while the mean pitch configuration during periods 1 and 3 is zero in simulatiorrpbwe pitch
configuration is offset from the vertical in experiment due to small leg positial mass distribution
errors in RRRobot. This causes RRRobot to translate along a curvegdueiiods 1 and 3 in
experiment, rather than along a straight line. Also, the pitch offset trasgme longer to dampen
out in experiment than in simulation. For example, the transients during pedachfen out slowly
in experiment, causing the body pitch oscillations to slowly settle into the limit cycles CEuses
the translation path to curve during period 3 before settling into a linear ttenmsfzath.

There is a strong similarity in RRRobot’s body yaw motion between the experenergimula-
tion (see Figs. 3.21 and 3.22), except during period 3 when the bodyttwdients take a long time
to settle. RRRobot translates linearly during period 1 and curves durmigdpe2 and 4. Simply
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Figure 3.14: Untethered RRRobot experiment: planar translation.
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Figure 3.15: RRRobot simulation: planar translation.
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Figure 3.16: Untethered RRRobot experiment: leg 1 trajectory. The doteslilidicate leg offset
position.
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Figure 3.17: Untethered RRRobot experiment: leg 2 trajectory. The doteslilidicate leg offset
position.
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Figure 3.18: Untethered RRRobot experiment: phase relationship beksgerotions during each
period.
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Figure 3.19: Untethered RRRobot experiment: body pitch trajectory. dttedllines indicate body
pitch offset position.

put, RRRobot’s translation curves in the direction the robot leans.

Figs. 3.23 and 3.25 show the relationship between RRRobot’s body pitgraanatations dur-
ing period 1 and period 4 in experiment, while Figs. 3.24 and 3.26 show th®nghip between
RRRobot’s body pitch and yaw rotations during the same periods in simulatiost, We note
that the body pitch and yaw rotations are out-of-phase with each otheriodpke as evidenced
by the non-zero area under the curve. As presented in section 3IBpstiof-phase body atti-
tude oscillations when coupled with the nonholonomic contact constraintageatet translation;
this compares well with the linear translation induced by body pitch-yaw osciiiiio Fig. 3.4.
Second, we note that body yaw configuration drifts during period 4,toube out-of-phase leg
oscillations offset from the vertical. Body yaw drift combined with body piyelw oscillations
induces RRRobot’s translation to curve. This compares well with the exarepteis Fig. 3.10
where body yaw drift causes the robot to locomote in a circle. Third, vie that the pitch-yaw
body rotations are not identical in simulation and experiment due to modelimgs ehn simulation,
the yaw oscillation amplitude is bigger; also the pitch-yaw phase relationshipssrdiert/2 in
experiment than in simulation.

Fig. 3.27 shows the time history of body roll rotations in the experiment. Notethieatoll-
oscillation amplitudes are significantly smaller than the pitch oscillation amplitudesaaedsmall
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Figure 3.20: RRRobot simulation: body pitch trajectory. The dotted lines itedimady pitch offset
position.
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Figure 3.21: Untethered RRRobot experiment: body yaw trajectory.
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Figure 3.22: RRRobot simulation: body yaw trajectory.
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Figure 3.23: Untethered RRRobot experiment: phase relationship bepitekrand yaw rotations
during period 11 € [37.5,41.7] seconds).
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Figure 3.24: RRRobot simulation: pitch-yaw phase relationship during ghérip € [20,30] sec-
onds).
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Figure 3.25: Untethered RRRobot experiment: phase relationship bepitelrand yaw rotations
during period 41 € [208 225 seconds).
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Figure 3.26: RRRobot simulation: pitch-yaw phase relationship duringghérfoc [180 210 sec-
onds).
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Figure 3.27: Untethered RRRobot experiment: body roll oscillations.

impact on RRRobot’s translation direction. The small roll oscillations are impott@ugh in the
curved translation gaits (as discussed in the previous subsubsection).

We also scanned RRRobot’s body curvature to see if the plastic hemigpdferens with the
weight, since body deformations near the contact point influence thectdit@matics. In the
nominal operating configuration, the sphere radius is 0.156 m, whereaplibee in an inverted
configuration has radius 0.162 m (we fit a sphere to a set of points usiaggCand Pollard’s
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code [27]). Note that we assume sphere radius is 0.15 m in our simulatiespit®the discrepan-
cies in robot radius, the planar paths traversed in simulation and expedunaitatively match.

Our simulations model ground traction by setting viscous damgintp
i = (—2.0%,—2.0y,—0.016;, —0.0048,, —0.018,,, —0.01gy, —0.01) . (3.8)

Note that these damping parameters are different from those used in sigategiamaller radius
RRRobot (as discussed in the previous subsubsection), since thalgraation losses differ be-
tween the two cases. Again, note that the translation and rolling dampingcea@fiare coupled,
and it is difficult to find the exact mapping between the losses in differestifsms. We note that
the damping coefficients only approximate the ground traction forces sespériment to find a
gualitative agreement between the robot’s translation in experiment and sonula

Finally, note that the large ground friction forces in experiment (and mddedéng viscous
damping in simulation) cause RRRobot to move slowly. In the following sectiorpresent sim-
ulation results with lesser viscous damping to model slip-free body-groonthct. As expected,
this allows RRRaobot to translate faster.

3.4.2 Exploring Legless Locomotion Capabilities Using Simul&on

In this subsection, we explore using simulation the full range of motions alail@iRRRobot by
varying its leg trajectories. We use the following parameter values: serve Mas 0.053 kg,
leg reaction massdd, = 0.057 kg, battery and processor madgs = 0.3 kg, sphere radius =
0.12 m, leg length = 0.1 m, and gravityg = 9.81 m/s. We use leg amplitude 0.3 rad and leg
frequency 8 rad/s and set viscous damping to

L = (0,0,—0.016;, —0.016, —0.016,,, —0.01¢p;, —0.01gp) . (3.9)

Note that these damping coefficients are different from those we use tb egierimental results
in section 3.4.1. The damping coefficients used in the previous section try tel theddry friction
from body-ground slip and the viscous damping from ground interactitiiie from this section
onwards we assume slip-free body-ground contact and only modeistteug damping.

Fig. 3.28 shows RRRobot’s translation inducedrtj@ out-of-phase leg motions about the ver-
tical configuration (simulation duration twenty five seconds), while Fig. 3I&8vs RRRobot’s
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Figure 3.28: RRRobot simulation: time history of contact-point motion inducemlibyf-phase leg
motions about the vertical configuration over thirty seconds.

translation induced byt/2 out-of-phase leg motions offset4 from the vertical configuration (sim-
ulation duration twenty five seconds). Note that the translation velocity isrlesge curved trans-
lation gait. This is because the robot pitches, yaws, and rolls simultaneoashing the contact
point to trace loops in the plane. In contrast, RRRobot’s body only pitchéyaws in the linear
translation gait and does not trace loops.

Fig. 3.30 shows how RRRobot’s planar translation changes with varyiraifeegf and phase dif-
ference, based on RRRobot simulations using leg amplitude 0.3 rad anddegficy 8 rad/s (sim-
ulation duration one hundred seconds). Note that translation curvagpends predominantly on
leg offset, and RRRobot curves in the direction it leans (pitches) in. X&ample, the robot curves
to the left with leg offsett/4 and curves to the right with leg offsettd4. Also, translation curva-
ture is symmetric as leg offset varies either side of the vertical configurattars, the simulations
indicate, like the experiments, that translation with variable curvature is pessib

This compares well with the intuition offered by the contact kinematics analysisation 3.3,
where we showed that pitch-yaw oscillations induce lateral translationuntdascillations when
combined with yaw drift induce curved motion. This is exactly what we see iRGt®t's dynamic
motion—out-of-phase leg motions about the vertical produce body pitehegzillations which
induce RRRobot to translate along its body-fixed Y-axis; when RRRobgtsffeet shifts from the
vertical, RRRobot’s body yaws and induces curved translation.

Translation velocity varies depending on both leg offset and phasedatiffe. Gauging from
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Figure 3.29: RRRobot simulation: time history of contact-point motion inducexlibypf-phase leg
motions offsetrt/4 from the vertical configuration over thirty seconds.
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the path lengths in Fig. 3.30, we notice that translation velocity is maximum (1 cnétecleg
offsettt/2 and phase differenag/2, since this induces large body pitch-yaw oscillations with body
pitch-yaw phase-difference closetm?2.

Figs. 3.31, 3.32, 3.33, and 3.34 analyze RRRobot's steady-state katipme as a function of
leg offset and phase difference. Notice that body roll oscillation ampktade much smaller than
body pitch oscillation amplitudes. Large body pitch and yaw amplitudes indeegegrtranslation,
as discussed in section 3.3. RRRobot’s body pitch and yaw amplitudes g@arganuch with leg
offset, but change significantly with leg phase difference—as leg plifiseence approaches zero,
pitch oscillation amplitude increases and yaw oscillation amplitude decreadeg; [@sase differ-
ence approaches pitch oscillation amplitude decreases and yaw oscillation amplitude increases.

Also the body yaw-pitch phase difference varies little froj2. We noticed in section 3.3 that
this body pitch-yaw phase difference produces maximum translation veldsaythis choice of
parameters, namely RRRobot’s body masses, leg masses, and bodvreynmauce RRRobot to
translate with maximum linear velocity naturally.

We now summarize our experimental simulation results so far.
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Figure 3.31: RRRobot pitch rotation amplitude as a function of leg trajectdsgtodnd phase
difference.
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Figure 3.32: RRRobot roll rotation amplitude as a function of leg trajectdsgbénd phase differ-
ence.
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Figure 3.33: RRRobot yaw rotation amplitude as a function of leg trajectdsgtoind phase dif-
ference.
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Figure 3.34: RRRobot pitch-yaw phase difference as a function of &ectory offset and phase
difference.

3.4.3 Summary of RRRobot Experiments and Simulations

In this section, we have explored legless locomotion through experimentsiranthtion. Using
sinusoidal leg trajectories that induce variable-curvature translatiohawe shown that RRRobot
has full planar accessibility. The simulation and experiment results match ¢ualitathe main
difference being the slow linear translation velocity in experiment compaitidsimulation. This
may be because of the unmodeled body-ground dry friction.

The intuition we have gained from the contact kinematics analysis in sectioa8&lbwed us
to quantify RRRobot’s planar motion. But while we have presented methodsriorstrate legless
locomotion, many difficult questions arise from the simultaneous interactioaroplex phenom-
ena, such as the variable inertia rotational dynamics and the nonholonameécicoonstraints. For
example, why does RRRobot’s body yaw? Can we find RRRobot’s leg matiotrack a spe-
cific planar path? We now describe simplified models that provide insight intesketpcomotion’s
dynamics.

3.5 Simplified Legless Locomotion Dynamics Models

The key to understanding a complex mechanical system is to find simple modetapiare the
essence of its motion. We then can use the simplified models to understand thieution of
various elements to the system’s properties. In this section, we presentytpes of simplifications
to understand legless locomotion as demonstrated by RRRobot:

1. Decoupling the system’s internal dynamics and external contact kinematialyzing their
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Figure 3.35: The Pivoting Dynamics model simplifies the RRRobot model (gees3.1) into two
parts: (a) RRRobot pivoted at its geometric center on a spherical jainttgra sphere on a plane.

individual properties, and then recombining them. We call this collection of ledke Piv-
oting Dynamics model.

2. Studying the system dynamics along non-actuated freedoms of the ssepamately and
recombining the individual motions using the contact kinematics. We call thisctioteof
models the single-axis models.

3. Exploring if the system can be modeled as a drift-free kinematic system elihity inputs
rather than a dynamic system with drift and force/torque controls. Suchdalrfdt exists is
called a kinematic reduction.

The first type of simplification, decoupling the system dynamics and exteonghct kinemat-
ics, helps understand the individual influence of the dynamics and thenties on the robot’s
motion. RRRobot’'s motion structure lends itself to such an analysis, and @ expe leg-body
rotation dynamics separately from the sphere-ground contact kinem#teschieve this by piv-
oting the robot at its geometric center, allowing isolated study of the leg-hmdtional dynamics
since the sphere has no ground contact. We then use the spheregpitat kinematics (discussed
in section 3.3) to compute the motion produced by the body rotations. We call thisl riiee
Pivoting Dynamicanodel (see Fig. 3.35 and section 3.5.1). This simplification assumes that the
dynamics and kinematics are decoupled, and we discuss the implications.

The second type of simplification, analyzing the dynamics along the bodysciated free-
doms separately, allows us to focus on one specific freedom by disaldingrttaining non-actuated
freedoms. This reduction in the body’s freedoms will help understandahgliag (or lack of it)
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between the different robot freedoms. For example, consider a satelipaa® with three perpen-
dicular reaction wheels. Disabling the satellite’s body roll and pitch freeddlmas us to explore
the influence of the reaction wheel motions on the yaw rotations. If we atadef the influence
of controls on the various passive freedoms individually, a superposifithe individual motions
allows us to approximate the robot’s motion. In the case of RRRobot, we steadiyfthence of leg
motions on body rotations along the roll, pitch, and yaw axes; we then usptbeesplane contact
kinematics to compute robot translation (see section 3.5.2). This simplificatiomasghat the
individual freedoms are decoupled, and we discuss the implications.

The third type of simplification, finding kinematic reductions, is based on teabsideveloped
by Bullo, Lewis, and Lynch [23]. It involves identifying if the dynamic systevith acceleration
inputs and drift can be modeled as a driftless kinematic system with velocity inphitsis useful
because control and planning is easier for kinematic systems than fangysgstems. For exam-
ple, planning and control is easier for a vertical unicycle when it is vieased kinematic system
rather than as a dynamic system. But only some dynamic systems that satiafy peoperties
admit kinematic reductions. Section 3.5.2 explores kinematic reductions fooRRR single-axis
models.

Note that the first two approaches are approximate simplifications and aighstiorward to
implement, while the third approach is an exact simplification and difficult to éefitie key reason
for exploring these simplified models is that understanding RRRobot’s motwfirating a control
method using its full dynamics is difficult; so we approximate the full model usimgpler mod-
els, quantify the robot’s motion in a decoupled manner, and find controbgtes for the simpler
models. We then show that the control strategies for the simpler models helpgleualitative
control the full dynamics model. RRRobot’s motion structure lends itself nicedu¢b a decoupled
analysis, and it is unclear if such analysis is possible for other systemsoW/eliscuss the three
simplifications in greater detalil.

3.5.1 Pivoting Dynamics Model

The RRRobot dynamics model presented in section 3.2 includes the integhlesdn body dynam-
ics and contact kinematics, and RRRobot’s equations of motion are prdwd@dl2). It is difficult
to understand the contribution of the dynamics and the kinematics to RRRobotfgex motion.
Section 3.3 explores the contact kinematics, by studying RRRobot’s trans&sia function of
body rotations while ignoring the leg-body dynamics. To analyze just theaittien between leg
motion and body attitude, we pivot RRRobot at its geometric center, a simplificsitioe we ignore
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the influence of RRRobot’s planar translation on the dynamics. Once weuterye body attitude
motion for a certain leg trajectory, we use the contact kinematics equationgriaxapately predict
RRRobot’s translation in the plane. Thus, this model, called the Pivoting Dysamidel, approx-
imately reduceshe RRRobot system into two parts (see Fig. 3.35): 1) the dynamics of RRRaob
rotating about a spherical joint, and 2) the contact kinematics of a sphetfeeqlane. We now
present a mathematical model for the Pivoting Dynamics model.

The configuratiom|pq of the Pivoting Dynamics model consists of the sphere’s orient&{épn
Bp, 6r) with respect to a inertial frame and the configuration of its lggsg,). We use the body-
fixed yaw-pitch-roll Euler angles to represent robot orientation. Thus

Opd = (R(By,0p,6r),01,2)" € SA3) x R, (3.10)

The equations of motion for the Pivoting Dynamics model take the form

Mpd(0lpd)Gpd + C(dpd; Gpd)Gpd + G(Apd) = Tpd+ Lpds (3.11)

whereMpd(Qpd) € R>*S represents the positive-definite non-diagonal variable mass matrix,
C(dpd, Gpa) € R® represents the vector of Coriolis and centrifugal tef@(gjpq) € R® represents the
vector of gravitational termg,pg = (0,0, 0,11,T2)" represents the generalized force, dpdc R®
represents the viscous damping to model any losses. The generalizetyfpindicates that only
the legs are actuated, and there are no external constraints on the si&i@that (3.11) does
not include the influence of the contact kinematics and differs from RRBotlynamics modeled
in (3.2).

Once we compute the changes in body configuration for a certain leg trgjeat® use the

< 0
(&)q - (0) (3.12)

to compute the velocity of the contact point in the plane, where

kinematic contact equations

€
|

. (1,0,0,—r cosBy, —r cosB, sindy, 0,0),
w® = (0,1,0,—rsin6y,rcosd coshy,0,0), (3.13)
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andgr = (X,Y, qu)T represents the configuration of RRRobot on a plane. While the Pivoting Dy
namics model is fictitious, we can use it to approximate RRRobot’s motion.

Why do we say “approximate”? What is the difference between the PivBlymgmics model
and RRRobot? The main difference between the Pivoting Dynamics modét@RRRobot is the
rotational axes’s location, arising from the rolling contact in the full dynammodel and the spher-
ical joint (at the sphere center) in the Pivoting Dynamics. RRRobot’s ceftaass is oscillating
about the moving contact point, whereas the Pivoting Dynamics model’s adnterss is oscillat-
ing about the sphere’s fixed geometric center. Thus, if we consideofaséxis of rotation for the
body, RRRobot behaves like an inverted (rolling) pendulum (see Fi§),3a8d the Pivoting Dy-
namics model behaves like a simple pendulum (see Fig. 3.37). The diffetatibnal axes result
in different effective rotational inertias and, consequently, differetational time periods, radii
of gyration, and oscillation amplitudes. In particular, the rolling inverted pkmd’s oscillation
time-period for small amplitudes is

p2

T =2/ 5 —p)

, (3.14)

wherep is the radius of gyration, argiis gravity, while the simple-pendulum oscillation time-period

Table 3.1 compares the time-periods for RRRobot and the Pivoting Dynamiasl.mo

is

As a result of these inertia differences, RRRobot and the Pivoting Dysamiclel have dif-
ferent translation and yaw rates for the same leg motions. Thus, the Piltiragmics model can
only qualitatively approximate RRRobot’s translation.

So what is the advantage in using the Pivoting Dynamics model? The Pivotmanigs model
approximately reduces RRRobot’s seven second-order equations seéfiend-order equations and
two first-order equations, a slightly simpler system. Furthermore, the PivBymgmics model
allows us to quantify the influence of the dynamics and kinematics on RRRdtsotsation and
also investigate the influence of system inertia on motion.

Figs. 3.38 and 3.39 compare RRRobot’'s motion in simulation with the motion predigted b
the Pivoting Dynamics models. The translation produced in the Pivoting Dysamaclel and
in the RRRobot model match qualitatively; the contact point follows similar patitghe Pivoting
Dynamics model translates slightly faster and curves sharper. This igdzeitee Pivoting Dynamics
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Figure 3.36: A planar eccentric-mass wheel performs harmonic oscillddosmall amplitude.
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Figure 3.37: The simple pendulum performs harmonic oscillations for small awiglitu
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Table 3.1: Rotation Time-Periods for the RRRobot-on-a-plane model anditbéng Dynamics
model

Roll Rotations (sec) Pitch Rotations (sec
RRRobot-on-a-plane 1.29 1.07
Pivoting Dynamics 1.19 0.96

Model is pivoted at its geometric center, while in the RRRobot-on-a-plangeMthe robot has a
rolling contact. Thus, for a given change in attitude, the contact point nfagésr in the Pivoting
Dynamics model than in the RRRobot-in-a-plane Model. In summary, we cathesPivoting
Dynamics model to approximate RRRobot’s planar translation.

Our Pivoting Dynamics simulations use the damping parameters

{pd = (—0.016;,0,-0.018,, —0.01¢;, —0.01¢)", (3.16)
and in our RRRobot simulations, we use the damping parameters
L = (0,0,-0.016;, —0.016,, —0.016,,, —0.01¢y, —0.01,) . (3.17)

We use different yaw damping values, because yaw damping destiypyegyaw produced by leg
motions in the Pivoting Dynamics model.

The difficulty with the Pivoting Dynamics model is that the body rotations and lefjpmoare
still coupled and (3.11) is complex. We now discuss our second apptoachplifying RRRobot’s
motion: analyzing its dynamics along each unactuated freedom separately.

3.5.2 Single-Axis-Rotation Models

RRRobot’s two forced oscillators—the roll oscillator and the pitch oscillatareHts yaw freedom
are simultaneously controlled by RRRobot’s leg motions. These body rotatiert®upled through
the body-ground rolling contact, making dynamics analysis difficult. While thatiRg Dynamics
model (see section 3.5.1) decouples RRRobot’s constrained rotatiamainéys from the contact
kinematics, the Pivoting Dynamics model’s rotational dynamics about theisphgint is itself
hard to analyze because of body roll-pitch-yaw coupling.

We propose decoupling the body rotational dynamics and studying the nslaitidoetween leg
motions and body motions along each axis separately (see Figs. 3.40,18148143). For example,
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Figure 3.38: Planar plots of contact-point time history during sideways lotomproduced by
Gait 1 in RRRobot-on-a-plane simulation, RRRobot-on-a-plane experiarehRivoting Dynamics
simulation. The solid arrow gives robot motion direction, and the dotted linesatedtbe robot
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Figure 3.39: Planar plots of contact-point time history during counter-el@ekcircular locomo-

tion produced by Gait 2 in RRRobot-on-a-plane simulation, RRRobot-platze experiment, and
Pivoting Dynamics simulation. The solid arrow gives robot motion directiod,the dotted lines
indicate the robot position at the specified time.
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Figure 3.40: RRRobot’s roll freedom (side view).
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Figure 3.41: RRRobot’s pitch freedom (side view).

we create the Pitch model by disabling RRRobot’s roll and yaw rotations l&owdrag only pitch
rotations. This allows us to study RRRobot’s body pitch motion independéheafther rotational
freedoms. Similarly, we create the Roll model by allowing only body roll rotatiand the Yaw
model by allowing only body yaw rotations. We call this collection of models the ISiAgis
models. Note that the roll and pitch models have a rolling contact, while the YawlInsopivoted.
This contrasts with the Pivoting Dynamics model where the body rotates alsmiterical joint at
the geometric center.

The decoupled oscillatory dynamics models approximate RRRobot’s dynagsigsiang zero
body roll-pitch-yaw coupling (see Fig. 3.43). We will highlight where anlayvthis assumption
breaks after discussing the single-axis models’s dynamics.
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Figure 3.42: RRRobot’s yaw freedom (top view).
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Figure 3.43: Decoupled RRRobot dynamics.
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The equations of motion for these fictitious single-axis models take the form

M (CIsa) Osa+ C(CIsa7 Osa)0sat+G(Osa) = Tsa+ Csa, (3.18)

wheregsa = {8, @1, @} € R3, andls, represents damping.

The first element ofys, is 6, the body roll, pitch, or yaw configuration depending on the
model, while the last two elements represent leg configuration. The syrivhals) € R332,
C(Usa Gsa)Gsa € R3, andG(gsa) € R3 represent standard mechanical-system termstare(0,11,12)"
is the generalized force. The input torquesandt, are applied to the legs, while body rotation is
not actuated. We use the sphere-plane contact kinematics given byt(Baliproximately compute
RRRobot’s translation for the body rotations induced in the decoupled models

Fig. 3.44 shows one example of the strong match between translation prdulictieel single-
axis models and RRRobot's translation for small amplitud2 out-of-phase leg oscillations about
the vertical. These leg motions produce body pitch and yaw oscillations aémytwhile roll rota-
tion is negligible. There is a strong match between the body rotation trajectorigreefdecoupled
models and the full dynamics models, indicating that pitch and yaw oscillatiorteaceipled.

Fig. 3.45 shows one example of the strong match between translation preujctieel single-
axis models and RRRobot’s translation for small amplitude out-of-phase ¢datiens offsetrt/4
from the vertical. These leg motions produce pitch and yaw body oscillatiamsuply and small
roll oscillations. In addition, the robot body leans from the vertical, amth éeg cycle produces net
body yaw in both the full dynamics model and the decoupled dynamics model.

But there is a difference between the single-axis models and the full-dysamaidel: the yaw
inertia in the full dynamics model is a function of body pitch (due to the rollingtacth) and leg
configuration, while the yaw inertia in the decoupled Yaw model is only a funaifdeg config-
uration (the yaw pivot prevents body pitch). This causes the yaw ditifisrin the full-dynamics
model to be different from the yaw drift rates predicted by the Yaw maatedifferent leg trajec-
tories. If we want to use the decoupled dynamics models to approximate RRRwoiwtion, some
adjustment is required to match the yaw drift between the Yaw model and tloyfigimics model.
In our work, we vary leg amplitude as a function of leg offset for the dpted Yaw model to
make the yaw drift rate match with RRRobot's dynamics. This approximation alievis model
RRRobot’s translation with the decoupled models, and we discuss this asgieetyaw model and
the legless locomotion control subsection. Note that we use the following dgrmppmameters in
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Figure 3.44: The lateral translation gait: comparison of RRRobot’s motion with mptexdicted by
the single-axis models over thirty seconds. Leg 1 trajectnf2+ 0.3sin(8t), and leg 2 trajectory:
T/2+0.3cog8t).
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Figure 3.45: The circular translation gait: comparison of RRRobot’s motionmittion predicted
by the single-axis models over thirty seconds. Leg 1 trajectmfg:+ 0.3sin(8t), and leg 2 trajec-
tory: 11/4+0.3cog8t).
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our Single-Axis simulations:
Zp = (—0.010,,0,0)",Zr = (—0.016,,0,0)", 2y = (0,0,0)". (3.19)

We now discuss the dynamics of the Pitch model.

The Pitch Model

The Pitch model is derived by restricting RRRobot’s body rotational fsigeddto only the pitch
freedom (see Fig. 3.41), with the goal of using a simpler model to captuRoB&'’s body pitch
rotations. The Pitch model behaves as a forced inverted pendulum—ititebiaty oscillates about
a mean pitch configuration depending on the choice of leg motions and thalreoitlatory dy-
namics and settles into a limit cycle due to frictional damping. Note that the Pitch rhetter
represents RRRobot’s pitch motion than the Pivoting Dynamics models, sincalithg contact is
retained.

When viewed as a control system, the pitch model’s inputs are the leg tomdéeiseaoutputs
are the body oscillation amplitude, frequency, phase, and offset. Natedtha pitch oscillation fre-
guency equals the leg frequency, since the dynamics is approximatelyflimeanall leg trajectory
amplitudes, and the mean body pitch offset may be determined by a staticisanalys

Fig. 3.46 shows how body pitch oscillation amplitude relates to leg trajectoryaten€om-
paring with Fig. 3.31, we note that the Pitch model captures RRRobot’s psitiadion amplitudes
well. The remaining parameter, the body pitch phase, is not important in atutdbsense; rather
the pitch phase value relative to the yaw phase value is important, since tivenelase influences
RRRobot’s translation (as discussed in section 3.3). We discuss the réatioeen body pitch and
yaw phase in the Yaw model subsection.

The Yaw model is more complex than the Pitch model, since the leg motions inducedboth n
body yaw in addition to body yaw oscillation. We now discuss the Yaw modelgatgr detail.

The Yaw Model

The Yaw model is derived by pivoting RRRobot at a revolute joint whichasgd at the sphere’s
geometric center and whose axis is aligned with the body Z-axis (see Fig@sa3d#43.47). The
Yaw model’s motion helps us understand RRRobot’s yaw rotations. The yas&lnssimilar to the

Pivoting Dynamics model, except that the body can spin about the yawlyis o
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Figure 3.46: The Pitch model: Variation in body pitch oscillation amplitude as aitmof leg
offset and leg phase difference.
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Figure 3.47: The Yaw model: the body, pivoted at its body center, cafyfretate about the yaw
axis, and the two legs with point masses at the distal ends are singly actuated.
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The Yaw model body has two masses, eagh at the ends of a diameter. Each massless
leg has an actuated hip joint and a point masst the distal end. The Yaw model configuration is
represented b, = (6y, 1, @) " € St x ST x S, whered, denotes the body configuratiop, leg 1's
joint configuration, andp, leg 2’s joint configuration.

The Yaw model has no gravity, there are no joint limits, and torqueandu, can be applied

at leg joints 1 and 2. The mass mathk(qy) associated with the Yaw model and describing the
system kinetic energy is

11 Q12 Q13

My(dy) = | Q21 Q22 Q23 |- (3.20)

031 032 Js3
where
011 = 2(Mm+m)b?+ M2+ SmI2(cos 2p; +COS 2p2)).
g12 = —mlbsingy,

g13 = mlbsing;,
O21 = —mlbsing,
G2 =ml?,

O23 =0,

g31 = mlbsingy,
g32=0,
Os3=ml2.

Note that the mass matrMy(qy) depends on leg configurations, but is independent of yaw rota-
tions. Such an invariance is called a symmetry, implying the existence of areedspiantity [25]
in the Yaw model. In the Yaw model, this conserved quantity is the yaw angular miamein the
absence of external disturbances, the total angular momentum of theabddye legs about the
Z-axis is constant.

The Yaw model equations of motion [8] are given by

My(ay)dy+Cy(ay, Gy)dy = Ty, (3.21)

Ty = (0,11,T2)" is the control andCy(qy,¢y) contains velocity products. The contrgl indicates
that the Yaw model is underactuated. Also, if the system’s initial velagitg zero, then the body
must be stationary when the legs are stationary (along any trajectory).
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Table 3.2: Incremental motion of the yaw model.

Time interval | @(t) @(t) | Changeinyaw
0-1 0—11/2 0 €1
1-2 /2 0— /2 —&
2-3 m/2—0 /2 —£&
3-4 0 m/2—0 €1
Net change in yaw @1—¢€2)

The key question with the underactuated yaw model is whether the bodyeaeh arbitrary
configuration using leg motions. It is apparent from the angular momentasepaation principle
that the body yaws from the reaction forces of leg swing. For exampleg imave the left leg
forward from the vertical configuration while keeping the other leg statiotiae body spins clock-
wise instantaneously. However, if the leg makes a complete rotation, the bolpg to its start
configuration.

Can we get net body yaw using cyclic body motions? That is, if we move tlseded return
them to the start configuration, can we achieve net body yaw motion? Antampqroperty of the
Yaw model that we can use to produce net body yaw is the variable inertia.

Here is a simple thought experiment to illustrate this. We will move each leg batkoath
between extremes of 0 amtf2. Each leg will dwell at the extreme for one second and will take
one second to transition between angles following a cubic spline. The issalltie bracket-
inspired [57] smoothed square wave, with the two legs out-of-phase withather (see Fig. 3.48).
This sequence of leg motions yields a net yaw motion, as shown in Table 3caarie confirmed
by studying the table and thinking about the yaw angular inertia of the systeppoSe the body
yaw is€; during intervalt = 0 tot = 1, and isep during intervalk = 1 tot = 2. The net yaw during
the two motion segments is different, because the yaw angular inertia vapieisdieg on whether
the leg is stretched out or tucked in. This difference produces net y#éheand of the motion
sequence. This same property of producing net yaw motion using yatiaiddferences is seen in
RRRobot also, but RRRobot is more complex because of the couplingdretveely pitch and yaw
oscillations.

We now discuss control for the Yaw model; that is, finding leg motions (gai&)ahow the
robot to reach any configuration.
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Figure 3.48: Incremental motion of the yaw model using Lie bracket-inspagdnotions (see
Table 3.2).
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Control for the Yaw Model

Finding characteristics like that shown in Table 3.2 for mechanical systemmsdguations of mo-
tion like (3.21) is difficult. Also, planning and controlling system trajectoriea@$3.21) is dif-
ficult, because of the velocity-related terms and the torque inputs; that is, ithao systematic
analytic procedure to find torque inputs to achieve a given goal trajectory

In [12], we present &inematic reductiorior the yaw model, derived from the angular momen-
tum conservation principle. A kinematic reduction model is a kinematic versitredill dynamic
system. The primary condition for a kinematic model to become a kinematic reduwétenme-
chanical system is that there must exist controls for the dynamic modekthatack the kinematic
model’s trajectory.

Using techniques in [23], we find two gaits for the yaw model that allow therkatie model
full configuration controllability (the ability to reach any configuration at rest)ile ensuring that
the trajectories can be tracked by the mechanical system. The first gditeswvaoving one leg
while keeping the other leg stationary and produces net yaw for acyclim¢gipns. The second
gait involves moving both legs in out-of-phase sinusoids. The right pieéestBonship and leg offset
produces net yaw. Thus, if we want to move the yaw model from onequmation to another, we
apply the second gait followed by applying the first gait to both legs.

The interesting gait is the second gait, since it produces body yaw osciflaimhnet yaw using
cyclic leg motions. Fig. 3.49 shows how body yaw oscillation amplitude relates toslkgtiatory
trajectories for the yaw model. This compares favorably with RRRobot'y lyaev oscillation
amplitudes shown in Fig. 3.33, except for the spike near leg offé2tin the yaw model. The
absence of a spike in the full dynamics models is attributed to the pitch-yavingugas the leg
offset shifts from the verticalr(/2), the robot pitches from the vertical. This causes the yaw inertia
about the rolling contact to increase, since the battery mass is offsettfeoaxis, and consequently,
produces smaller yaw oscillations.

In contrast, since the Yaw model’s body pitch configuration is fixed, therMadel's yaw inertia
depends only on leg configuration. Hence, there is a spike in the bodyseliation amplitude
mapping. This effect carries over to the relationship between net bagyinduced and the leg
trajectories also. For example, the leg trajectories that produce maximuradyeyaw is different
for the full dynamics model and the Yaw model.

However, techniques developed by Shammas et al. [72] allow us to comguib®dy yaw in
the Yaw model for different leg trajectories (see Fig. 3.50). Cyclic leg metatout the vertical
configuration produce zero net body yaw, while cyclic leg motions abgutdafigurations offset
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Figure 3.49: The Yaw Model: Variation in body yaw oscillation amplitude as atfan of leg offset
and leg phase difference.

from the vertical produce net body yaw. The height functions in Figd albw us to compute the
net body yaw induced in the Yaw model for any leg trajectory, and angréifice between the Yaw
model and the full dynamics model can be adjusted for, say, using the ldguataghanges.

Even though we have found kinematic reductions for the yaw model, it duesctend directly
to RRRobot, because of RRRobot's gravitational drift as well as thelicgupetween the body
pitch and yaw rotations. In particular, the leg cycles that produce maximuiy yew motion is
different in the two systems. But we can still use the kinematic reduction foratvemodel as an
approximate model of RRRobot’s yaw orientation by making the leg amplitudecidanof leg
offset in the yaw model (see section 3.6 for more details).

Also, while the phase relationship between body pitch and yaw oscillatioalicted by the
single-axis models is different from the phase differences in the futhohyos model (see Fig. 3.51
and compare with Fig. 3.34), the relative phase difference betweengitotiyand yaw oscillations
only influences translation velocity and not curvature. Since RRRobelixity is small, this dis-
crepancy does not impact control significantly if we track translationature only. Furthermore,
the difference in linear velocities may be corrected using feedback. Fimdiije we have only
discussed kinematic reduction results for the simple Yaw model, finding kineneatictions for
complex systems such as the legless locomoting RRRobot is an open problem.

3.5.3 Summary

We now summarize the utility of using the simplified models discussed in this section.

First, we developed the Pivoting Dynamics model by decoupling the badyign dynamics
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Trajectory A

Height
function

Figure 3.50: Yaw model height function. Trajectory A (leg I1/B+ 0.15+ 0.3sin(8t) and leg 2:
51/8+ 0.15+ 0.3cog8t)) produces net body yaw, while trajectory B (legri/2+ 0.3sin(8t) and
leg 2: 11/2+ 0.3 cog8t)) does not produce net yaw.
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Figure 3.51: RRRobot yaw-pitch phase difference as a function of &ectory offset and phase
difference, as predicted by the single-axis models.
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from the contact kinematics, allowing us to study the dynamics and the coimach&tics sepa-
rately. This allows us to quantify the dynamic relationship between leg motionsahdrotations
and the kinematic relationship between body motions and robot translatioratspaWe recom-
bine these decoupled models to approximate RRRobot’s motion qualitatively.siitpéification
is enough to isolate the contact kinematics, but the rotational dynamics ofeaicgijoint piv-
oted body is still complex. Furthermore, the pivoted body rotations do rautraely represent
RRRobot’s body rotations, which utilizes a rolling contact.

So, we then consider the single-axis models to quantify the dynamics of btations along
each freedom individually. This allows us to study the relationship betweemdgions and body
roll, pitch, and yaw rotations separately. This gives us significant insiigtatshe body pitch oscilla-
tion amplitudes, frequency, phase, and offset, and the body yaw osciflatia drift. Recombining
the single-axis models with the contact kinematics provides an approximation RolRiRs dy-
namics. We now present a control strategy using the single-axis modeiseacdntact-kinematics
model.

3.6 Toward Legless Locomotion Control

Section 3.1 introduced legless locomotion and section 3.5.2 introduced the sithfdidieoupled)
models that provide insights into legless locomotion’s dynamics. Furthermershewed using
simulation that the simplified models provide a good approximation to RRRobot’s Idmnmadn
this section, we find an approximate control solution for RRRobot—a mappéhgelen planar
translation and leg motions—using these models.

Legless locomotion has properties that make control difficult, namely uctdett&on (two con-
trols and seven degrees of freedom), a configuration-dependeti ivelocity-related and gravita-
tional drift, and contact constraints. Furthermore, legless locomotion tasaamics structure that
is difficult to integrate symbolically even for one specific input. So, in this secti@ numerically
solve a reduced problem—finding the leg motions that produce the dedireidvedocity and fixed-
curvature path when the robot settles into its limit (steady state) oscillatory. dpcsection 3.6.2,
we suggest an approach to the general legless-locomotion contrdéipraih tracking a variable
curvature path.
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Figure 3.52: Similarity in planar translation between a vertical unicycle anddRBiRtop view).

3.6.1 Legless locomotion control

In this subsection, we present RRRobot control, that is, a mapping ftamaptranslation to leg
motions. We also show that this control mapping is qualitatively similar for theujgded models
and the full dynamics models. The key idea is that we can use the decouptidsnio predict
motion in the full-dynamics model and also develop more advanced control dsatihthe future.
An analysis of RRRobot’s planar motion (see Fig. 3.30) shows that themiadnt translation
mode is translation along the body-fixed Y-axis with variable curvature. Srakltity variations
are also possible. Such motion is similar to a unicycle with a limited velocity range amiddu
radius (see Fig. 3.52). As discussed in section 3.1, RRRobot’s motidtsrism the limited body
rotational dynamics that the leg motions can produce. The leg motions proddgepitch, yaw,
and (small) roll rotations using different leg offsets and phase difte®nnertial differences during
out-of-phase leg motions produce body yaw drift, which results in translatiovature.

Figs. 3.53 and 3.54 show how translation veloaityyaw velocitya (the turning rate), and
curvatureK = a /v depend on leg offset and phase difference (for sinusoidal leg mtiotiee full
RRRobot dynamics model and the decoupled dynamics models (using leg am@igichd (see
caveat below), angular frequency 8 rad/s, and measured at the haayde). The magnitudes
and structure of yaw velocity and curvature match well, but there is a stalictifference in the
linear-velocity mapping.
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Figure 3.53: RRRobot translation as a function of offset and leg phifisectice.
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Figure 3.54: RRRobot translation as a function of offset and leg phtiseetice as predicted using
the decoupled models (compare with Fig. 3.53)

This difference in the linear-velocity mapping is because of structuraréifices in the yaw
inertia between RRRobot and the Yaw model (see section 3.5.2). To averttis difference, we
define leg amplitude in the Yaw model as a function of leg offset to get adal@comparison in
curvature control for the full dynamics model and the Single Axis modelse 4eone implemen-
tation: in the decoupled Yaw model, the leg motion amplitude is not fixed at 0.3y iaitheefined
as a function of leg offset (see Fig. 3.55).

We compute the inverse of the mappings in Figs.3.53 and 3.54 to derive alaetdatmnship
for the full dynamics RRRobot model (see Fig. 3.56) and the Single Axis lmdsee Fig. 3.57).
Again, there are some discrepancies in the linear velocity mapping; but ibale ¢nly path curva-
ture (since RRRobot’s linear velocity is small), then the decoupled model&lpravgood approx-
imation to the full dynamics model. Thus, given a desired linear and yaw velagtgan find the
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Figure 3.55: Amplitude modulation used in the decoupled Yaw model.
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Figure 3.56: Mapping between RRRobot linear velocity and yaw velocityemdffset and phase
difference.

sinusoidal leg trajectory (in particular, the leg offset and phase difteethat tracks it.

This subsection provides a geometrical solution to RRRobot control binjrach approximate
mapping between legless-locomotion translation and leg trajectories at statalysing dynam-
ics decoupling. Note that we resort to a numerical comparison betweealktldgyfiamics and the
simplified dynamics, since the structure of dynamics and nonholonomic kinemadless a sym-
bolic comparison difficult. The next subsection presents some preliminakyomdracking varying
curvature paths.



90 CHAPTER 3. LEGLESS LOCOMOTION: MODELS, EXPERIMENTS, AND GOROL

12 D —Offset = /2
==
Linear T
velocity //// PN \\\\
(mm/s) g < 1 RN
= ; ‘:\\-9 7/ Offset = /4
Offset = 3m/4 W opy— AT
4 \IPD|= n/4 "

-1 0 1
Yaw velocity (deg/s)
PD = Phase difference

Figure 3.57: Mapping between RRRobot linear velocity and yaw velocityemdffset and phase
difference as predicted by the decoupled models.

3.6.2 Tracking Varying Curvature Paths

We now briefly present a method to find the leg motions to track a path with vacyivgture. We
assume that the transient dynamics is small by ensuring that the leg trajdtoiges are slow and
take advantage of legless locomotion’s smooth dynamics.

RRRobot’s net angular velocity, linear velocityv, and curvaturK are functions of the leg
trajectories’s phase differengeand offset” (see Figs. 3.53 and 3.54); that is

a = a(@rn) (3.22)

v = v(g) (3.23)
_ a(el)

K = e (3.24)

These relationships are expressed numerically in the previous sectioa,te@se properties are
computed by integrating RRRobot’s motion over a cycle of oscillations. We &eested in com-
puting the leg trajectory changes for a given rate of change in curyahates, given‘fj—'t(, we wish

to computed-. We know that
dK  oKde oKdr
& = aedt tarar (3.25)

Now, from Figs. 3.54 and 3.53, we notice tﬂé% is approximately equal to zero. Thus,

dK _ oKdr

T~ (3.26)



3.7. SUMMARY 91

Furthermore, we know from differentiation rules that

or v((p, ) ’ '
and &l 60(((pr is approximately a constant (from Fig. 3.53), @y, Thus,
oK _ Crvien)—"¢" a(@r) 3.28)
or v(,IM)2 ’ '
and
dr dK
dt crven-220agen) (3.29)
V(cp,r)2

Thus, we can track varying curvature paths by varying the leg offsedv, fhe key question is
how large a rate of change of curvature can we track by this method? Nudtéérate of change
of leg offset increases with the rate of curvature cha@e and the magnitude of transients
increase Wlth the magnitude of leg offset changes. Thus, transientsecamb significant with
large 9K gt » and our analysis assumes that RRRobot has settled into a steady-stais taig as the
rate of change of phase difference and offset are small, the dynamitseints are small and are
damped out quickly.

Figs. 3.15 and 3.14 show plots of the time histories of RRRobot translatiorefeidty leg offset
changes shown in Fig. 3.13 from simulation and experiment. Fig. 3.58 stgimg simulation how
planar translation changes for the constant-rate phase-differeangesin Fig. 3.59. Thus, we can
vary the leg trajectories slowly to track varying curvature paths.

3.7 Summary

This chapter presents legless locomotion in detail: the concept, the modelsyémegpers, simu-
lation and experiment results, and control techniques. There are athelraontrol strategies for
locomoting high-centered robots, such as gaits that induce a robot todlipbmt this paper focuses
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Figure 3.58: RRRobot planar translation as a function of leg phasedtiffe3 shown in Fig. 3.59.
The leg trajectories take the form3&in(8t) + 11/4 and 03sin(8t + B) + 11/4.
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Figure 3.59: Variable RRRobot leg-trajectory phase differences.
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only on legless-locomotion control. More control strategies are requinesitiations where con-
ventional locomotion fails to improve the robustness of mobile robots. Future aso includes
studying the dynamics of RRRobot without simplifications and other ideas adiflinghapter 5.

A key principle to note in legless locomotion is the deliberate use of direct actyaymam-
ically coupled actuation, and exploiting environmental interaction to inducenmental motion.
Even though legless locomotion is slow and inefficient, its structured behagiired by our ini-
tial experiments with RHex permits a unique control strategy for error ergo\Legless locomo-
tion involves carefully choosing robot shape changes, namely outadgepleg motions, to produce
translation. We now turn to the other mobile-robot error problem: freeinheeled robot from a
ditch. While direct actuation using wheel torques produce robot motiosivwe that dynamically
coupled actuation through coordinated robot-shape changes maydssascfor error recovery.



Chapter 4

Dynamic Feedback Strategy for a Car in
a Slippery Ditch

In this chapter, we continue with our research motivation of finding ureational and dynamically
coupled locomotion modes for mobile-robot error recovery by exploringvaproblem—inducing
a wheeled robot trapped in a slippery ditch to escape (see Fig. 4.1). &¥eirex strategies for
coordinated use of wheel torques and an active suspension to eseafedy overcoming insuf-
ficient traction. In addition to hand-tuned gaits, we also explore the soluyp@resusing dynamic
programming.

Chapter 3 presents legless locomotion as a recovery mode for a higlecendbot using a
combination of robot shape changes (out-of-phase leg motions), gmaditged drift, and environ-
mental interaction (slip-free contact). In this chapter, we present a m#thbdnables a car to es-
cape from a ditch using a combination of direct actuation (through wheglés) and dynamically
coupled actuation (using an active-suspension). The wheel torgilésfstem kinetic energy, and
the active suspension influences wheel-ground contact interactiamsbyng and pulling on the car
body.

There are many ways to model the problem of a car trapped in a ditch. \We docthe situation
of a car trapped in a large slippery ditch, such as the situation in Fig. 4.1 @kdnith a simplified
model, the Normal Car Body model (see Fig. 4.2), that captures the prabatiént features.

94
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Figure 4.1: Schematic diagram of a wheeled robot in a large ditch. Thémdgs sits on an active
suspension.

Figure 4.2: Schematic diagrams of the Normal Car Body model. The wheg@lelfgd by wheel
torques, rolls in the ditch, and the car body is supported by an activerssisp.
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Figure 4.3: Schematic diagram of a wheeled robot in a small ditch. The mudoest sits on an active
suspension.

Figure 4.4: The vertical car body model.

Alternately, Fig. 4.3 shows the situation where a car is stuck in two small ditCHas. problem
can be represented using a Vertical Car Body model (see Fig. 4.4). Waike may be differences
between the dynamic structure between the Normal Mass model and the Mdidigsamodel, we
believe our approach applies to both models.

Working with the Normal Mass model, we explore the “stuck-car” problerfiriing a control
strategy that works for different problem parameters, such as yadyich size and control limits.
We also outline a dynamic programming implementation. We emphasize that this at@aptsEns
only a preliminary analysis of the problem using simulation, and there is sigmifsc@pe for fu-
ture experimental analysis. The key contribution we make is an analysis pfab&em structure
(namely, the environmental contact and the available controls) to find nomélol strategies.

We first present the Normal Car Body model in section 4.1 and then usghhexperiments
to explore the problem dynamics in section 4.2. We then present gait desiga discussion in
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section 4.3. Note that there is a brief review of related work (such as atitenagtive-suspension
use and feedback control) in chapter 2.

4.1 Modeling a Stuck Car in a Ditch

To study the problem of a wheeled robot stuck in a slippery ditch, we aarstrsimplified planar
model called the Normal Car Body Model. The model consists of a whegldchat the bottom of a
round ditch (see Fig. 4.2). The vehicle mass is supported at the whéet bgran active suspension,
modeled as a spring and a prismatic actuator. The car body is constrainedd@lmiog the wheel-
ground contact-normal direction (a body-fixed axis), similar to the car'sassion in Fig. 4.1.
We assume a Coulomb friction model [53] for wheel-ground traction.

The configurationy,sm= (6,s)" of the Normal Car Body Model consists of the angular position
of the wheel in the ditcl® and the normal car-body positi@nThe robot’s state,sy, consists of the
robot’s configuration and configuration velocities; that is,

Xnsm= (Gsm Ghsm) = (6,5,6,9)7. (4.1)

We assume we have complete state information, and the inputs available areetidompuer and
the active suspension forgethat is applied between the the car body and the wheel.

The Normal Car Body model’s equations of motion, derived using Lagmartgchniques [22],

are given by
5 —R((h—R)%(T + (M+ M)gRsing) + MR(—h+ R)(gssin® — 2(—h+ R+5s)$9)) 45
N h((h—R)2(I + (m+M)R?) + MR?s(—2h+ 2R+ 5)) (4.2)
§ = gcosB— (h—R)6?+sB2(k(l —s)+ p)/M. (4.3)

The wheel-ground normal reaction foridds given by

N = N(p) = m(gcosB(h— R)6?) + p+ k(I —s), (4.4)



98 CHAPTER 4. DYNAMIC FEEDBACK STRATEGY FOR A CAR IN A SLIPPERY OCH

and the tangential frictional forckis given by

f = f(1),
(—=MRt®+ M (h— R)s(2Rt — Igsin8+ 21 $9))
(h—=R)2(1 + (m+ M)R?) + MR2s(—2h+ 2R+ s))
((h—R)2((m+M)(—Rrt +Igsing) — 2IM$0))
(h—=R)2(I + (m+M)R?) + MR?s(—2h+2R+5))

(4.5)

Note that we consideN and f as functions oft and p only, since we can choose the controls
and p at any state,smto control the ground reaction force and friction. Furthermore, the norma
reactionN is independent of wheel torque and the tangential frictiori is independent of active
suspensiorp. This allows us to control the normal reaction force and the friction fomespen-
dently using the two inputs instantaneously.

However, there are two constraints on the system, namely the contactaooingiren by
N=N(p) > O, (4.6)
and the traction constraint (defined by the friction cone constraintsi ¢iye

@I < uN(p). (4.7)

The controller must choose inputs, p) to induce the robot to escapgé(| > /2 ande8 > 0),
while satisfying the constraints in (4.6) and (4.7).

We focus on solutions with no wheel-slip and no lift-off. In such casesetlseno energy loss
as the robot passively rolls back and forth in the ditch. Losses octymdren the inputs perform
negative work, such as when applying wheel torques against thd'svimextion, or when applying
a force against the car body’s motion. Note that solutions involving wHhigedusd lift-off do exist.
For example, we can apply bang-bang wheel torques without worrpiogtavheel slip or allow the
car body to deviate by large amounts to induce lift-off. Such solutions involwes energy losses
and hybrid dynamics (for example, two sets of equations of motion, onecforwheel-slip and
another for non-zero wheel-slip) and are more difficult to model. Wedagusolutions without
wheel-slip and contact loss.

Now, suppose we find a control strategy for escape that satisfies titectand traction con-
straints in (4.6) and (4.7); that is, a policy that returns a wheel torqueaarattive-suspension
force given the system state. How can we measure if the policy is “gootiaa”? What are the



4.1. MODELING A STUCK CAR IN ADITCH 99

Table 4.1: Normal Car Body Model Parameters

Model parameter Symbol Value

car body M 1000 Kg
Wheel mass m 100 Kg
Wheel inertia lo 12.5 Kg mg
Wheel angular positionin 6 € [-1/2,1/2)
ditch

Wheel radius R 0.5m

Ditch radius h Varies: 6 mor4m
Spring constant k 30000 N/m
car body position s € [-0.5,1.5]
Equilibrium car body po{ s 0.5m

sition atd =0

Gravity g 9.81 mb&
Coefficient of friction [l 0.1

Wheel torque T Variese [—200,200 or [-300,300Nm
Active suspension force p € [—350003500Q N

problem’s metrics? In the stuck-car problem, some quantities of interesteatiennto escape, the
work done by the inputs, and car body deviations. While it is evident thaddhgion is better if
the time to escape, work done, and car-body deviations are all small, it suttitth find a control
policy that optimizes all the quantities of interest. Furthermore, the correcicndefpends on the
robot’s circumstances.

In this chapter, we use a metric minimizing input impulses and car-body exoursim the
nominal position. Minimizing the input impulses is similar to minimizing work done, while mini-
mizing the car-body oscillations is similar to minimizing disturbances to the robot body

Table 4.1 presents the values we use for the Normal Car Body model'sg@s. These
parameter values model a small car in a ditch. Note that the robot Mhassignificantly larger
than the wheel maga. We explore the problem for ditch radius values set to 6 m or 4 m and wheel
torque ranges set fe-200,200 Nm and[—300 300 Nm.
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Figure 4.5: Schematic diagram of the interaction of wheel motion and carrbotgn. The white-
headed arrows indicate the direction of car body motion, and the bladetiearows the traction
force.

4.2 Intuition into the Normal Model's Dynamics and Controls

In this subsection, we first discuss the dynamics of the interaction betwaesl wotion and car-
body motion in the Normal Model and then explore some strategies for whegle@and active-
suspension use.

Suppose the wheel is rolling to the right at the ditch bottom, and the car botseist aelative to
the wheel @ = 0,6 >0,5=0; stage 1in Fig. 4.5). We set both inputs to zare-(p = 0) and ignore
centrifugal effects for the moment. As the wheel moves up the slope, th®dgrcompresses the
spring, since the car body has a tendency to stay at rest even if themuness (inertia). When the
wheel comes to rest along the slope, the spring is fully compressed (stadég3 4.5). When the
wheel rolls back down the slope, the spring extends and is fully extergied at the bottom of the
ditch® = 0. Thus, in the absence of any actuation or losses, the motion of the robwigwp the
slope, including the car body’s motion, is identical to the motion moving down tipeslo

The effective system inertia (about the ditch center) changes as thedyamoves, resulting in
Coriolis effects (namely thed terms in the equations of motion). For example, the inertia decreases
as the car body approaches the ditch center. These inertia effectadosgnificant as the ditch
radius decreases and velocities increase, resulting in variations in tmalnfmrce acting on the
wheel and influencing the traction force. For example, as the car bodgsvavay from the ditch
center, the traction forces must increase to accelerate the larger inettiacarversa (stage 2 in



4.2. INTUITION INTO THE NORMAL MODEL’S DYNAMICS AND CONTROLS 101

Fig. 4.5). To prevent slip when the Coriolis effects are large, the aatisgension may be required
to increase ground reaction forces. Note that for the parameter vatuesosse (for example, ditch
radius 4 or 6 m), the Coriolis effects are not significant.

The Normal Car Body Model has a degenerate configuratisa=at — R, where wheel motion
produces zero car-body translation. This degeneracy can be egpioifgoduce a solution with
small time-to-escape and work done, since the heavy robot mass daeanstdte for any wheel
motion. We explicitly avoid solutions that include this degenerate configuraioce it represents
an infeasible motion for a practical system; for example, if the ditch radius is thencar mass
would need to be moved an impractical 1.5 m!

Since the tangential gravitational force (acceleration) is large and theahgravitational force
is small along steep slopes, larger friction forces and wheel torquesg@uiged to spin the wheel
closer to escape. This sometimes requires a large active-suspensendf@revent slip. Finally,
as system velocity increases, centrifugal effects increase grounthheaction and contribute to
larger traction limits.

With the above relationship between car-body dynamics and the wheel motitindnwe can
choose how to use the wheel torques to accelerate the robot and thesaspension to push or
pull the robot mass. One strategy for wheel-torque use is to build robeti&energy quickly using
"bang-bang" torques—controls that alternate between extremes—whilglaitiod the torques to
accommodate the contact and traction constraints. One strategy for sutsipension use is to
prevent the robot mass from oscillating. This prevents transferringMtireetic energy to the car
body, thus building wheel momentum quickly and minimizing work done by theastigpension.
But large fine-resolution active-suspension forces may be requirpdetdsely maintain the car
body at the desired configuration. Also, torque modulations may be regdssatisfy the friction
cone constraints with this strategy.

An alternate strategy for active-suspension use is to push againstrtbedyato increase the
ground reaction force and available traction. At such instances, the actspension can perform
negative work on the system, for example when applying an upward fanea the car body is
moving downward. Clearly, other strategies exist to use wheel torquescine-suspension forces
in a coordinated manner, but we use the above two strategies in desigitgg gaction 4.3.

Finally, it is difficult to identify the metric—for example, the work done or time tosgse—that
a chosen control policy optimizes, particularly for a dynamically couplednmtmn mode. Fur-
thermore, measuring the quality of an error-recovery mode is an opéteprpsince dynamically
coupled locomotion modes can be inefficient. We choose one specific meticiimywork done
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and car-body deviations to measure solution quality.

4.3 Gait Generation for the Stuck-Car Problem

We define gait in the stuck-car problem as a coordinated use of wheel torques aue sigtipen-
sion forces. We are interested in gaits that utilize state informafigh s, $) to induce escape while
respecting the traction constraints. In this section, we use the intuition dedelogsection 4.2
to find a feedback policy based on complete state information and then bripflyre gaits using
dynamic programming.

4.3.1 A Hand-tuned Gait

Our hand-tuned gait presented in algorithm 1 is one method to choose thgtrgnd p to enable
escape while respecting the contact and traction constraints. Put simpdygthighm first tries to
maintain car body position using the active suspension while modulating wheeésto satisfy the
friction-cone constraints. A stiff proportional-derivative controller wighinsKp = 10’ andKp =
5 x 10° maintains car body position using active suspension forces

p=Kp(s—s4) +Kp(9). (4.8)

Second, if the wheel-torque modulations are insufficient, we use the acthmension to control
ground traction. Third, if both active-suspension and wheel-torquautatidns are insufficient, the
car cannot escape without wheel-slip; that is, there exist no wheeldsrgnd active-suspension
forces to satisfy the constraints. Note that this strategy is local in natureisththe controller
returns the controls given a state and has no memory.

The results of using algorithm 1 are shown in Figs. 4.6, 4.10, 4.8, and dd¥fierent problem
parameters, namely ditch radius and wheel torque limits. Table 4.2 presemtsreasy of the work
done (measured using wheel-torque and active suspension impulgesramody oscillations in
the four cases, using the following metric:

Goal
Cost= /(WlllTH+W2Hp||+W3||S—SdII)dt~ (4.9)
Start

We set weightsv; to 10,w, to 100, andwvs to 35000. Note that a larges penalizes car-body
deviation from the nominal positiosy. For example, applying a wheel torque of 170 Nm is less
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Algorithm 1 Algorithm to choose wheel torques and active-suspension forcesuoégrakcape
1. Find active suspension forgwg, to maintainN = 0 using (4.4).
2: Find active suspension forgg; to maintain the sprung mass at the nominal position using the
proportional derivative controller in (4.8).

ComputeN = N(p) from (4.4).
Computefiim = sgr(—6)uN.

10: Computet = 1( fjim) from (4.5).

11: if T € [Tmin, Tmax then

12:  Return(t, p).

13: end if _

14: SetTjjm = SgN—6)Tmax.

15: ComputeNreqd = f(Tjim)/H from (4.5).
16: Computepreqd = P(Nreqd) from (4.4).
17: if Preqd € [Pmin, Pmad then

18:  Return(Tjim, Preqd)-

19: end if

20: Return “Car cannot escape without wheel-ground slip”.

3: if ps> pn then
4.  Setp= ps,
5: else

6: Setp=pn
7: end if

8:

9:
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Table 4.2: Evaluation of algorithm lusing the metxigr|| + B p|| + Y||s— Sdl|-

System Solution cost
Ditch radius 6 mImax=300| 1114 (823 + 97 +194)
Ditch radius 6 mImax= 200 | 2402 (845 + 149 + 1407)
Ditch radius 4 mimnax=300| 868 (640 + 82 + 146)
Ditch radius 4 mInax=200| 1624 (619 + 107 + 898)

than half the cost of allowing the car body to deviate 0.1 m from the nomin&iqosy.

We now review the solution in Fig. 4.6. The robot escapes in less than 88d®@nd the car
body moves little from the desired positign= 0.5 m. This implies that the active suspension can
be replaced with a rigid link, and the robot can still escape. The whealdergre mostly “bang-
bang”, building kinetic energy quickly. The controller reduces the whaglue magnitude though,
when the friction forces reach the friction-cone limits. Thus, wheel torgodulations are alone
sufficient for the robot to escape for these specific problem parasneter

The magnitude of active suspension forces used increase in magnitilngerasot nears the top
of the ditch. This is because the normal gravitational component desralaseg) steep slopes, and
the controller compensates for the weak normal gravitational compongnighyng the car body
upward. Also as the robot’s velocity increases, the centrifugal fardfksence car-body motion.
Thus to counter the car body motion, larger active suspension foreesarired.

The solutions in Fig. 4.10, 4.8, and 4.9 are similar, but the problem paramegeiise the active
suspension to control traction. For example, we see a spike in the capbsition close to escape.
This indicates that the robot cannot escape without active-susparssarsing algorithm 1.
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Figure 4.6: Algorithm 1 applied to the Normal Car Body model (ditch radius Gchraaximum
wheel torgue magnitude 300 Nm). Plots show the phase relationship betweehamgular position
and car body position, and the time history of wheel torque, the actiyeerss®n force, and the
traction force (bold) with the friction cone constraints.
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Figure 4.7: Algorithm 1 applied to the Normal Car Body model (ditch radius thraaximum
wheel torque magnitude 200 Nm). Plots show the phase relationship betlweehamgular position
and car body position, and the time history of wheel torque, the actiygers®on force, and the
traction force (bold) with the friction cone constraints.
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Figure 4.8: Algorithm 1 applied to the Normal Car Body model (ditch radius hchrmaximum
wheel torque magnitude 300 Nm). Plots show the phase relationship betweehamgular position
and car body position, and the time history of wheel torque, the actiygesa®on force, and the
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Figure 4.9: Algorithm 1 applied to the Normal Car Body model (ditch radius shchrmaaximum
wheel torque magnitude 200 Nm). Plots show the phase relationship betwweehamgular position
and car body position, and the time history of wheel torque, the actiygessmon force, and the
traction force (bold) with the friction cone constraints.
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4.3.2 Gait Search using Dynamic Programming

Even though algorithm 1 allows the robot to escape while keeping the cadeedhtions small, we
do not know what metric exactly (for example, work done or time consumegliinizes. Numer-
ical approaches such as dynamic programming can derive solutiongthmaize specific objective
functions. We implemented a dynamic programming approach based on Lanvdlkoakimalla’s
work [46], where they use a discretized state and input space to findtanabgontrol policy,
based on a chosen metric, from valid states to the goal. We then use thadkegditicy to derive
the optimal path from any state to the goal by chaining the sequence of optjpuéd to the goal.

However, numerical approaches have potential pitfalls such as the@xigal increase in com-
putational expense with fine resolution. In particular, the stuck-carlgmod combined state-input
space has dimension six, leading to an exponential growth in computatigreadsxwith fine reso-
lution. So it is important to find a state-input space resolution that providesc@approximation of
the problem dynamics and is not computationally prohibitive. A numericalampralso requires a
discretized version of the metric; so in the stuck-car problem, we couldoefite integral in (4.9)
with a sum to compute

Goal
Cost= ; (W [T]| 4wz p[| 4+ Ws([s — sq|)At. (4.10)
tal

rt
Using a large value faws (35000) has two advantages: the sprung mass is not automatically moved
to the degenerate configuratisa h— R, and the car body oscillations are automatically minimized.
Fig. 4.10 shows a comparison of the car's motion using algorithm 1 and anilypaogramming
implementation, for the case where ditch radius is 6 m and the maximum availahle te2p0 Nm.
Table 4.3 shows the parameters we use for the dynamic programming implementation

4.3.3 Comparing Algorithm 1 and the Dynamic Programming Gat

We emphasize that policies derived from numerical approaches amxappte, since the state and
input spaces are discretized. The cost of the dynamic programming sokdioputed using (4.10)
was much larger (total cost = 55256, torque use cost = 1071, acthession use = 144, and
car-body perturbations cost = 54041) than the cost of the solutionrgyed by algorithm 1 (total
cost = 2402, see Table 4.2). This may seem odd at start because dymmagr@mming gives the
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Figure 4.10: A comparison of a solution based on algorithm 1 and a solutimeddérom dynamic
programming applied to the Normal Sprung Mass model (ditch radius 6 m anignoraxwheel
torque magnitude 200 Nm). Plots show the phase relationship between wgeatrgoosition and
sprung mass position, and the time history of wheel torque, the activerssisep force, and the
traction force (bold) with the friction cone constraints.
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Table 4.3: Dynamic Programming Parameters

Total number of states = 25857

Model variable Range of values Resolution
Angular positiond (rad) [-1.67,+1.67] 0.2
Angular velocity0 (rad/s) [—6,6] 1.0
Sprung mass positiosn(m) [-1.5,1.5] 0.25
Sprung mass velocity (m/s) [—4,4] 1.0

Total number of inputs = 81

Model variable Range of values Resolution

Torquet (Nm) [-200, 200] and [-300, 300] Tma¥4
Internal actuatiorp (N) [—3500035000] Pmax/4

Time step (sec) — 0.05

Number of statesinputs> 2 million.

solution with least cost, but the larger cost is because the dynamic progrgrimpiementation
does not have sufficient input and state-space resolution. Henasjrtamic programming solution
has a limited choice at any state. The problem is that we are searching dotralcstrategy for
a highly dynamic system like the sprung-mass oscillations using a discretizedrgiat space,
and the dynamic programming solution can only give us an approximate soluitioramvupper
bound on the cost. The discretization also induces a noisy solution, leecfile state-input space
discretization. For example, since the time-scale of car body motions on the auSpensions
are much smaller than the time-scale of car motions in the ditch, a numerical solutyanvoke
high-frequency oscillations of the car body on the active suspension.

We note that the car ramps up slowly using the dynamic programming solutioncehgrared
with Algorithm 1. This may be related to resolution issues again, since the dypaogamming
policy “waits” for the right state to use bang-bang wheel torques and mingmwizek done until
that state is reached. Finally, the dynamic programming policy satisfies theaiotsonly at the
states in the discretized state space and is not guaranteed to satisfy tinaictsnet all states along
the path. In general, numerical techniques have disadvantages wtierirexcomplex dynamical
systems, but their application becomes wider as computational power iesraag we find more
efficient ways to explore the state space. While we have made a small attenppiytalgnamic
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programming to analyze the control space of error recovery modes, bevititeresting to explore
error recovery modes again using numerical technigues in the future.

In contrast to the Normal Mass model which has a singularity when the dgrroves to the
ditch center, the Vertical Mass model has a degenerate configuratfos a2 where the robot’s
motion is decoupled from the car-body’s motion. Despite this differenceyedieve our analysis
applies to the Vertical Mass model also.

Note that this locomotion mode of using coordinated wheel torques and-achgension forces
is necessary only when ground traction is insufficient. The key contribafiohis work is neither
the simplified model nor the specific parameter values we choose to refpeessiot stuck in a
ditch, but the structure we provide to an unconventional locomotion moddwe aanobile-robot
error-recovery problem. Instead of randomly rocking the car badkanth using wheel torques and
brakes to induce escape, we show that a solution exists using a combirfatibeel torques and
an active suspension. By understanding the problem dynamics, venpeesimple feedback-based
algorithm for inducing escape.

We now summarize this chapter’s results.

4.4 Summary

We explored the problem of a car stuck in a ditch using simulation and presentanalysis of
the key problem dynamics. Future work includes experimental work anghderstanding the
impact of various parameters such as the robot mass, the wheel andaditieh, and the traction
constraints on the system dynamics on the solution. Also, we note that a nahagvédysis of a
highly dynamic system has many pitfalls due to discretization; it can best gigeapproximate
solution. Furthermore, while applying these ideas in real systems, rdatstestimation is also
required.

The key idea behind this chapter, like chapter 3, is to show that the unuona use of
a robot's freedoms can play a significant role in mobile-robot errorvesgo Since the robot’s
conventional locomotion mode does not apply in a locomotion error, a catediuse of direct and
indirect actuation is necessary to induce motion. We now summarize this tressig'butions and
present future work in Chapter 5.



Chapter 5

Conclusion

In this chapter, we first summarize the thesis’s contributions, followed byiadis section 5.2 of
possible extensions of our research. We then present some closigithousection 5.3.

5.1 Contributions

This doctoral thesis makes three contributions:
1. Exploring the structure in mobile-robot error recovery.
2. Discovering and understanding legless locomotion.
3. Designing gaits for locomotion error recovery.

We show using two case studies, namely the high-centered robot probkbitine stuck-car
problem, that mobile-robot error recovery has structure that canfeiesd to devise novel escape
strategies. A key result we show is that carefully designed escape gaitsol€ontrollable solu-
tions. In the high-centered robot problem, we exploit the available frasgnamely unconstrained
leg motions, to excite body motions which interact with the environmental contaudwce incre-
mental translation. While such translation is slow, it may be the only available Idanmoode for
escaping from a high-centered state. In the stuck-car problem, wetbladwan active suspension
helps overcome poor traction to induce a wheeled robot to escape frigoperg ditch. We obtain
significant insight into both systems using first principles, such as Lg@gmamlynamics. However,
our approach does not model the uncertainty in robot-environmentdtiterawhich is a interesting
future research problem.

113
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A key contribution of this thesis is an analysis of legless locomotion, using typ&aobots,
theory, simulations, experiments, and models. We show that the high-atRiecking and Rolling
Robot, a rocking hemisphere with two actuated legs, has complete planasiadig by choosing
different leg trajectories. Since RRRobot’s dynamics is complex, we dafiget of simplified
models that allow us to quantify the contributions of the RRRobot’s dynamickiaathatics to its
locomotion.

Finally, we take advantage of a robot’s remaining freedoms and the rartgnmental in-
teraction during a locomotion error to find locomotion recovery gaits. In thie-b@ntered robot
problem, we use simplified models to analyze legless locomotion’s elements, allogviogcare-
fully choose leg motions to induce translation. In the stuck-car problem, iiti@udo exploring
gaits using mechanical systems analysis, we use dynamic programming toeettfdosolution
space for different problem parameters. Note that we choose diffierethods in the two problems,
since there is a difference in problem complexity: RRRobot's state sp&dé,iwhile the stuck-car
problem’s state space K.

We now present possible future directions to build on our work.

5.2 Future Directions

While we have explored two mobile-robot error recovery problems addcantrol and planning
for mechanical systems, many open problems remain. We now suggesttinigfature directions.

5.2.1 Automatic Control Strategies for Robots

A robot’s performance is enhanced if it can automatically choose frorpextare of control tech-
niques. For example, when the Mars rover gets stuck in sand or whemsgina out of control,

conventional operation is infeasible because environmental interactioneisalle. Since teleoper-
ation is not always effective, can an autonomous robot perform timttelnoosing the right control
strategy from its behavior suite? The ultimate goal is to design robots thatvare af their ca-

pabilities under varying conditions and can choose the best available aejgmmding on goals.
The key then is to develop many control techniques for mobile robots and &ncbtiditions that

necessitate transitions from one mode to another.
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5.2.2 Robot Mobility and Design

What is the best way to quantify a robot’s mobility? Most measures of robothilitypsuch as
speed or the height of a step the robot can climb, are based on a lohaliseéa robot’s conven-
tional locomotion capabilities. A proper quantification of a robot’s mobility shoontdude even
extreme behaviors, possibly derived using global analysis. For exaanlgleal analysis shows that
a wheel starting from rest cannot climb a step with weak motor torques. obal analysis will
show that the wheel can climb the step with sufficient momentum and carefully titmeel torques
during impact. Thus, a robot with weak actuators can achieve greater melilitdynamic behav-
iors. Of course, robots do not always require extreme dynamic bekadind a balance between
robot design and mobility is required. A systematic global and local kinematidsdgnamics
analysis will help quantify a robot’s true mobility, possibly resulting in a mappietyvben robot
complexity and mobility. Such an analysis ultimately leads to minimalist and better designs

5.2.3 Uncertainty in Robot-Environment Interaction

The uncertainty in robot state and robot-environment interaction sigrtifycaffects mobility. For
example, a person walking on icy ground does not know and cannditptiee instantaneous foot-
ground forces. One strategy to plan a path across the ice is to assuntecag@scenarios such
as poor traction forces, but worst-case scenarios may precludetasollihis problem becomes
particularly acute in locomotion errors where information about robot stadetee environment-
interaction is rarely available. Can we find control strategies that factarcim sncertainty, say, us-
ing aggressive maneuvers when information is available and consersategies at other times?
Furthermore, sometimes the robot-environment interaction modes alterniallg. rap interesting
research problem is to find automatic control strategies in the presenceeiftainty in robot-
environment interaction.

5.2.4 Alternate Rocking and Rolling Robot Designs

RRRobot’s design is good to demonstrate legless locomotion, but alternagagesist. This sub-
section looks at three alternate designs: 1) an RRRobot with orthogipnjaltits, 2) an RRRobot
with many legs, and 3) an RRRobot with one multi-degree-of-freedom leg.
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Leg 1
Leg2

T

Figure 5.1: Schematic diagram of an RRRobot with orthogonal leg rotatixesl

The “Ortho-RRRobot”

One alternate RRRobot design is to have orthogonal hip joints (see Figirstdad of aligned
leg axes. Note that the robot retains the sphere-plane contact kinerbatitse leg motions that
induce translation may differ. Also, both roll and pitch oscillation amplitudes wiltbmparable.
One exercise is to find new gaits for this RRRobot; that is, find the leg motiohs:thiie out-of-
phase body rotational oscillations.

A Multi-Legged RRRobot

An alternate RRRobot design is a multi-legged RRRobot. Consider an RRR#tha2n,n > 1,
legs placed in a symmetrical manner around the hemisphere’s largest @rencd (see Fig. 5.2,
wheren equals four). While the original RRRobot locomotes laterally, what is theespaplanar
motions available to the multi-legged RRRobot in Fig. 5.2? For example, we knavintbhase
motions of opposite legs produce pure body pitch rotation. Thus, by usiliiplapairs of opposing
legs, we may be able to induce translation through out-of-phase body tisnla Furthermore,
there may exist leg motions that induce translation in any direction.

An interesting associated problem is to find the number of effective legsreeqto produce
the desired body attitude oscillations. For example, in the two-legged RRReéatan actuate
motions along the body pitch and yaw axes with two legs at different phakkeugh we do not
have individual control over each of the body attitude freedoms. Bueifestrict the leg motions
to have the same phase, then we lose the ability to yaw and roll, and the bodnlgapitch.
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Figure 5.2: An eight-legged RRRobot

This indicates that we have lost some control over the robot. This notiobeaxtended to the
multi-legged version of RRRobot also.

Consider two extreme sinusoidal gaits: the first gait where each leg Haredif phase and
offsets, and the second gait where each leg has the same phasesatd Dffe first gait allows
interesting, but complex, phase relationships between the body’s attieeldofns, reflecting the
notion that there arereffective legs. In contrast, the second gait can only produce bodydattitu
rotations with a single phase; that is, the second gait has only one effegivWhat controllability
features do we lose when moving from the first gait to the second gait? Arstiteg problem is to
explore the capabilities of a multi-legged RRRobot for varying number ettffe legs.

Now, suppose we understand the relation between the number of effesgivand the achiev-
able body attitude trajectory, then we can select gaits based on the dexiredthitude trajectory.
Coupling this knowledge with our experience that body roll-yaw oscillatiomsglyce predomi-
nantly forward locomotion, pitch-yaw oscillations produce predominantlywsgie locomotion,
and roll-pitch-yaw oscillations with yaw drift produce curved paths, wea®ose gaits for desired
trajectories based on the number of effective legs required.

For example, if the required body trajectory is only pitching motion, then wechanse a gait
where only two opposite legs have motions are in phase, and the rest ofytharée stationary.
For example, if we require yaw and pitch oscillations, we may use out ofphasions for legs 1
and 5 for producing yaw motions and in phase motions for legs 2, 4, 6, &dp8oducing pitch
oscillations. Legs 3 and 7 can be stationary. This will result in a losing degrefreedom (from
eight legs to two effective legs), but may be sufficient to achieve thereshinody attitude trajectory.
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A Legless Locomotion Template

Finally, is there a simple RRRobot design that captures the essence of leglasotion’s dynamics
and kinematics? This is similar to the idea of finding templates for legged locomotidhartel
Koditschek [63] define a template as a model created by trimming away all themaldomplexity
of joints and that which serves as a guide for locomotion control. In shonpleges are useful
to understand the broad principles underlying a physical system. ForpéxaRaibert [60] first
showed that quadruped locomotion may be organized with reference tgla sirtual leg model
called the Simple Inverted Pendulum model. Recently Saranli et al. [67]dmewen that the motion
of a ankle-actuated, knee-actuated, and hip-actuated monopod cée &ilsd to the SLIP model.

A valid template for legless locomotion must capture the broad principles of $dglesmotion,
namely:

e Underactuation: RRRobot has seven degrees of freedom with justtwaters.

e Out-of-phase body attitude oscillations: Out-of-phase body pitch-y&ations induce lat-
eral translation while out-of-phase body roll-pitch-yaw rotations with byaly drift induce
circular translation.

e Exploiting inertia differences: Out-of-phase leg motions induce net baslylyy exploiting
the varying system inertia.

We propose a legless locomotion template where RRRobot has only onevetgdpat the
geometric center of the sphere at a spherical joint (see Fig. 5.3). Tleassteg has a point mass
atits distal end, and is actuated in each of its three rotational freedoms.

We believe that this template captures the important elements of legless locomddiarty,the
generic model is underactuated (eight degrees of freedom with just élcteators); out-of-phase
body rotations can be produced using, say, circular leg motions; ineffiémedites can be created
using suitable leg roll, yaw, and pitch configurations. Producing pitch aldody rotations is
straight-forward, since the body’s rotations and leg motions are coufuad these axes. Produc-
ing yaw rotations requires a combined roll-yaw or pitch-yaw leg rotation.atm, fusing a single
leg pivoted at a spherical joint permits some capabilities beyond the twoddgig&obot; for ex-
ample, the model can tilt itself while locomoting by moving the leg to either side. Thersoane
restrictions on body motions though; for example, body yaw is impossible thiedieg is vertical,
since the leg has no inertia; but body yaw is possible by rolling or pitching ¢heightly, and then
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A joint with
three rotational
freedoms

Figure 5.3: Legless locomotion generic model.
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yawing the leg. It will be interesting to see if this generic model can achietbelbody rotations
required to produce locomotion.

To compare the template’s motion with the two-legged RRRobot, we require a noeteiguiv-
alence. There are two ways to compare the motion of the template with the two R&jtubot:

e Compare the body rotational trajectories’s time-histories, using metrics suftkcuency,
amplitude, and phase.

e Compare average planar paths, since planar translation is the main gdaRobBt's loco-

motion.

One view of the leg motions that achieve the same body translation in the templatbBRiRiRd
the original RRRobot is that the two legs in RRRobot effectively reducesiogie leg with multiple
rotational freedoms. In summary, a legless locomotion template helps undetiseaprinciples
behind underactuated undulatory locomotion.

5.2.5 Kinematic Reductions for Mechanical Systems with Graity

The key benefit of a kinematic reduction is that it eliminates the robot motiopsrakence on time,
and the robot motion can be expressed as a function of its configuratignBurt this is difficult
for legless locomotion, because of the gravity-induced pitch and roll assillawhich maintain a
clock. So the key idea is to work inside this clock to create body yaw rotatsimsg RRRobot’s
body yaw rotation is dependent on configuration only.

A kinematic reduction for RRRobot could involve finding the leg motions to aehimdy ro-
tations like in Fig. 3.3. While the body-pitch oscillations always include gravitatidrift, the key
idea is to create quick body-yaw rotations at the extremes of the body pitdtatien cycles. One
way to achieve this is to excite pitch oscillations, and while the robot has norpiteh configura-
tion, we induce body yaw through a quick out-of-phase leg motion.

Furthermore, Lewis and Murray [49] suggest a method to develop kinemsticctions for
systems with gravitational drift. This when combined with the height-functionk wbShammas
et al. [50], albeit for systems without gravitational drift, may lead to kinemaauctions for
complex mechanical systems like RRRobot. This thesis only provides a kinemdtiction for
the yaw model, a simplified version of RRRobot with no gravitational drift. Figdirkinematic
reduction for a complex mechanical system like Rocking and Rolling Robotdpan problem.



5.3. CLOSING THOUGHTS 121

5.2.6 Stuck Car Problem: Experimental Validation

While we provide models and analysis for the stuck-car problem in chapéepérimental valida-
tion is required. One experimental set-up to validate the models is the followirsgnate-control
car that moves up and down a planar semi-circular ditch (say, created watiainer wall). A
solenoid attached to the car moves a reaction mass up and down to creaiensiraground
traction force. The car and solenoid is controlled by a PIC processbrasithe Cerebellum [6],
connected possibly using a tether. The key challenge is to monitor wheaMdipuggest a motion-
capture system like Vicon [7] to track the car’s motion and wheel rotatiorceSime Vicon system
has a high frame-rate (120 frames/sec), we can design wheel torgisslanoid actuation depend-
ing on system state.

We now present some closing thoughts.

5.3 Closing Thoughts

Mobile robotics is challenging because of the numerous variables, incluoliag design, the op-
erational environment, and robot operation mode. A significant ability missingpbile robots is
error recovery. We have explored only two specific error recopesplems using simple models
and prototype robots; but we show that we can exploit the structure imiotion errors to find
novel locomotion modes for escape. There is significant scope for raseanch to improve the
robustness of mobile robots. The goal is to analyze the structure in differ@omotion errors
and provide a robot with multiple control strategies for recovery. Thetroan then automatically
choose the right control strategy for the particular situation.
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