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Where have | been all these years?

Sept, 1993 — Jan, 1998: INRIA (INPG @ Felix Viallet -> Montbonnot)
Jan, 1998 — May, 1998: University of lllinois, Urbana-Champaign
June, 1998 — June, 1999: University of Pennsylvania, Philadelphia
July, 1999 — May, 2002: Autodesk, Discreet, San Francisco

June, 2002 — present: Honda Research Institute, Mountain View



Current status of “compass gait”:

- Bernard or | have not worked on “compass gait” after 1997.

- Prof. Ken Waldron at Stanford University asked me to make a
presentation on compass gait in 2003.
| used transparency slides prepared 5 years earlier

| said,
1. This is the last time | am using transparencies

2. This is my last presentation on compass gait

- | was wrong on both points!!

- 2010: JAIST, Japan, Locomotion Summer School | |
- 2011: University of Umea, Sweden '




How | was inducted into the study of compass gait

Going back... In 1993:

- Fresh outside my graduate school (Northwestern University, IL, USA)
- Robot-assisted surgery
- Robot impedance control

- Bernard Espiau, a researcher well known in visual servoing
gave me a post-doctoral appointment at INRIA and said we will

work on biped robots in Grenoble ...

... and we will start with a passive robot called “compass gait
robot”.

- He gave me some handwritten notes.

What is compass gait?



Passive Compass Gait

- What is compass gait and how did the name “originate”?
- Why is it important to study compass gait?

- What did we accomplish?

- What is going on in this field now?



| What is compass-gait? I

simplest model of bipedal walking
the first of the six “gait determinants”
planar model

knee-less legs

N O N N

hip trajectory is a series of circular arcs

Geometric mass

& Mercurius International
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comes from theconversion of the biped's gravitational potential energy as itdescends. ...
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Tad McGeer, 1989

POWERED FLIGHT, CHILD'S PLAY, SILLY WHEELS
AND WALKING MACHINES
Tad McGeer®'

Simon Fraser University
Burnaby, British Columbia, Canada ¥5A 156

Abstract

Human-like walking i a natursl limit cycle of a pair of legs,
just as pwinging ia the natural mede of & pendulom. On &
shallow downhill slope the cycle s sell-sustaining, buat it can
also he pumped by varicas means to allow walking on level
ground and uphill. The cycle is inherently stable, and ac-
commodates addition of o torse and wide varintions in leg
design. It ean abo be modolated Lo vary footfalls from step
to step, Hence the notural walking mode offers & simple but
cam prehensive insight into human lcomotion, and provides
a foundntion for design of efficient and dextrous hipedal ma-
chines.

Introduction

AL firel glance walking appears to be a rather complicated
activity, with limbs moving in sn daborately-coordinsted
three-dimensional paltern. Moreover, it would szem to he
dogged by inherent inatsbility, inasmusch as & biped stand
ing still wants to topple like an inverted pendulum. Conse-
quently it B ussally sssumed that a bipedal gait must be ac-
tively generated and atabilised. Variows technigues have besn
used in experimental walking machines, including linear feed-
back simply to mull the error betwesn start- and end-of-step
link angles [Mits B4]; linear feedback to follow specified link
trajectories throughout the step [Yamade 85), [Takanishi 85),
lz'htl'lg, EEI]; and foedlorward Lo folbyw specified Loajeclories,
with feedback only to correct for disturbaness [M;ura .E|-1]_
All hawe met with some success, but each raises questions
which have not bean antisfactorily resolved: What trajecto-
ries shoubd be specified” How should they be adapted for
varying terrain? What timeseale ls appropriate? Is the boco.
motion reasenably effieiont?

Powered flight

For simple answers we offer the eclectic combinathon af pow.
eredd Ilight, child's play, silly wheels and walking machines.
The model of powered fight s particularly relevant, Enrly
seronsuls began by studying gliders, whose flight could be

*Hckaal of Enginearing Scianca
TS CGeSFU MAILNET, Ted Moleerfion sfu.ca)

Figure 1: Owr fesd machime i o “too-dimensional® biped.
The ouwler lega are connecled by a eromsder, end olfermafe
like crulches with the broad-fooled centre feg. The feed ore
semacireuler ond bave fahgﬁtﬂ-ri rubber soles. Irp hﬂgfﬁ a5
Stem, and weiph! 2.5kg, Doring cach siep smell molors Nt
the suing feel clear of the gromnd, bud ofkernwise ihis mackine
15 just & pair of coepled penduls wolbing withon! acfive son-
frol.

sustained by gravily. ‘This required nob only appropriate
alondy-stnte aerodynmmics, bul aleo ieherend stabiily. Ac-
tually there was some debate aboul stabilily, bul eventu-
ally everyone agreed that it was a good thing [Vimcenti 88,
In any event the key peint is that concentration on gliders
avoaded Lhe complications of a powerplant while more funda-
menial phyeics problems wers addressed, In fscl ones Lhesn
problema were resolved addition of an engine was o relatively
mireer modification.

Thus we hegan our work on walking by seeking n “hiped
glider " which given & shallow slope would walk all by -
sell The paint of departure was & traditional Bipedal toy,
which walks passively in & coupled longitudinnl and lateral
ostillubion. [Morawski 78] provided some commontary on lts
gait. For simplicity we restricted attention te the longitu-
dinal plane, with a model that is nothing more than s pair

13492
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Compass Gait (1993-1997)

COMPASS GAIT REVISITED

LB ESPIAU A, GOSWAMI
INRIA Rhone-Alpes
46 Avenue 1"élix Viallet
38031 Grenoble Cedex 1, FRANCE

Bernard. Espiau@imag.fr. Ambarish.Goswami@imag.fr

Abstract

It has been established that a suitably designed unpowered
mechanical biped may “walk” down an inclined plane all
by itsell and eventually acquire a stable periodic gait. The

1 i H £oils 1 aad [ - 1 id is I

among other forms of legged locomotion.
is chiefly due to the fact that a significant part
of the human walking eyvcle is not associated with
the dynamic equilibrium of the moving body.

This

1 | T FILE N

SyRoCo 1994

(29)

Google scholar citations
in parentheses

Limit cycles and their stability in a passive bipedal gait

Ambarish Goswami

Bernard Espiau

Ahmed Keramane

INRIA Rhone-Alpes
46 Avenue Félix Viallet
38031 Girenoble Cedex 1, France
Ambarish.Goswami@inria.fr

Abstract

1t is well-known that a switably designed unpowered
mechanical biped robot can “walk” down an inclined
plane with o steady gait.  The characteristics of the
qait (e.q., velocity, time period, step length) depend on

the nonmoetesn and the inertioal nvoamertice nf the enhat

study. Human locomotion, despite being well studied
and enjoying a rich database. is not well understood
and a robotic simulerum potentially can be very useful.

In order to gain a hetter understanding of the in-
herently non-linear dynamics of a full-fledged walking
machine we have found it instructive to first explore

ICRA 199

(158)




Compass Gait (1993-1997)

Limit cycles in a passive compass gait biped and
passivity-mimicking control laws

Ambarish Goswami

Bernard Espiau

Ahmed Iseramane

INRIA Rhone-Alpes
655 avenue de I'Europe. ZIRST
38330 Montbonnot Saint Martin. France

Ambarish.Goswami@inrialpes.fr

Abstract

Bifurcation and Chaos in a Simple Passive Bipedal Gait

Benoit Thuilot Ambarish Goswami Bernard Espian

INRIA Rhone-Alpes
655 avenue de I'Europe, ZIRST
38330 Monthbonnot Saint Martin, Irance
Benoit. Thuilot@inrialpes.fr

Abstract

Thes papcr proposes an analysis of the behavior of

perhaps the simplest biped robot: the compass quail
model. Il has bcen shown previously thal such a robol
can walk down a slope wdcfindely without any actua-
tion. Passive motions of this nature are of particular
Lovtivot cives dheny wnsar deeed are o ckvedemice T

that of a double pendulum, the Acrobot [1] and the
Pendubot [4] are the nearest cousins of the compass
gait model studied here. While decomposing human
locomotion into sub-motions, compass gall appears at
the most elementary level, [18] [21]. Tt has therefore
recelved abundant attention from biped robot commu-

nity. One of the earliest works on compass gait may
b tomelend to 1101 il (51 s b b b £l

Journal of
Autonomous Robots 1997
(239)

ICRA 1997

(59)
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Compass-like biped robot
Part I Stability and bifurcation of passive gaits
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Abstract

The focus of this work is a systematic srudy af the passive gair af
 compass likr, planar; biped robot on inclined slopes. The robol
sk tvalens Io a double dulum, possessing fwo
kneeless legs with point masses and o third point mass at the “hip*'
Joint, Three parcwmeters, namely, the ground-siope angle and the
normalized mars and length of the robot describe itr gait. We show
thar ir resporse fo a continucus chamge fn any one of it parame-
ters, the symmetric and steady stable gait of the unpowered rbot
radually evolves through a regime of bifurcations characterized by

Reitr, arriving ai
an qnw.umty dumm: pail where no two steps are identical. The
rolot can maintain this gair indefinirely.

A necessary {but not sufficient) condition for the stability of
steh paits it the contraction of the "phase-Muid " volume. Farm

frictionless raber, the volume contraction, which we compude, is
caused by the d.l'ul’pr:r.l‘w eﬂ"e‘m oﬂae growund-bmpact model. Tn the
ehaotie regime, the | oof the robot s st altractor
(2.07) d to its space di {4} also reveals strong
comraction.

We preseat a novel graphical technigue based on the first retum
map that compactly caphures the enfire pvolwtion of the gail, from
symmetry to chaos. Additional pussive dissipative elements in the
robai joint result in a significant improvement in the siabiliry and
the versatility of the gait, and provide a rich repertoire for simple
controd laws.

1. Motivation

Biped robots and other legged robots are potentially better
suited than wheeled vehicles to the maintenance of hazardous
environments {such as nuclear and chemical reactors), ex-

*Curmently ar C15 Dept. University of Pennaylvania, Philadeiphia, PA 19104,
USA, e-mail: goswami @ graphies cis apenn eda

" This work was dome while Benolt Thisilor was with INKLA Riine-Alpes.
The Intematicnal fournal of Robotics Research

Val. 17, No. |2, December 1998, pp. 1282-1301,

Q199K Sage Publications, Inc.

1282

A Study of the
Passive Gait

of a Compass-Like
Biped Robot:
Symmetry and Chaos

ploration of unstructured and unpaved terrains (for example,
ooccan floors, polar regions, lunar and Martian surfaces), deep-
forest logging, frust harvesting, and so on. At present, one of
the main obstacles o a wider application of legged robots
is their lack of cuergy cfﬁm:ucy In comparison, their bi-
ological anal ive energy economy
during a normal walking gait; in l'ac‘t EMG studies (McMa-
hon 1984; Rose and Gamble 1994) have shown that relative
miscle inactivity during the swing phase of the human walk
makes it almost passive. This illustrates the superiority of the
biological control strategy, which functions in harmony with
the natural inertial dynamics of the body in the gravitational
fiedd.

The long-term motivation behind the current study is to for-
mulate a simple, biologically inspired active-control law for
a 17-DOF biped robat (Espiau 1997) being built for Project
BIF, which is coordinated by the INRIA laboratory in Greno-
ble, France. The control of such a highly nonlinear dynamic
system coupled with the well-known stability issues common
to all bipeds rep a major chall Experi shows
that control strategies unconcerned with rjmsyglan dynx:m:cg
fail o take advantage of the benevolent dynamics inherent in
the controlled system, and risk being a control overkill. To
gain & better understanding of the dynamics of biped locomao-
tion, we find it instrective 1o first explore the behavior of a
sirmple walker model.

Physical models (McGeer 1990; Coleman and Ruina 1998)
and theoretical and simulated results {Goswarni, Espiau, and
Keramane 1997; Garcia, Chatierjee, Ruina, and Coleman
1998} have demonstrated that even passive biped robots with
simple kinematics can suecessfully walk down an inclined
slope in a steady gait. The motive power of such robots
comes from the conversion of the robot's gravitational poten-
tial energy as it descends down the slope. A delicate balance
between the kinetic energy available from the comversion of

Dpiandc e b NY aagugnth o bt st g =1 o 34, 3007

& 90 SAGE Putleatone.
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Early results:

stable periodic limit cycle

\'/
Espiau and Goswami:
“Compass Gait Revisited” SyRoCo 1994

f%
“I stability domain of limit
cycle

Intuitive -> Exact

edot‘fed leg

Compass Gait Limit Cycle,
(JAR 1997, URR 1999)
(Orbital stability)



(IJRR 1998)

(, /»? Stability and “phase fluid”

3.4. Orbital Stability Implies Contraction of “Phase Fluid”

A necessary condition for the existence of a stable limit cycle
can be obtained by studying the evolution of a small phase-
space volume element. The complete state of a dynamic sys-
tem at a certain instant is represented by a point in the phase
space of the system. The effect of the perturbations on the
system at this state is closely related to the behavior of the so-
called phase fluid (Lanczos 1986) around that point. As the
dynamic system evolves 1n the course of time, a small-volume
element around the system state, representing the possible per-
turbed states, can be imagined to move around it in the phase
space. An elegant mathematical treatment culminating in Li-
ouville’s theorem finds that a small-volume element! of the

phase space of a Hamiltonian system behaves Tike an Incom-

pressible fluid. Since the Hamiltonian of a frictionless system
is constant, it can be shown that the divergence of its phase
fluid is zero (Hilborn 1994). In other words, the phase-space
volume element may change its shape depending on the dy-
namics of the particular system, keeping its volume constant
all along.

THE
VARIATIONAL
PRINCIPLES OF

MECHANICS

Correlius Lanczos




Transition matrix and “phase fluid” contraction .
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Transition to chaos — evolution of first return map I
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| Evolution of limit cycles ' Transition to chaos - study of step period .
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Chart of successive bifurcations

(IJRR 1998)
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(, //f Dampers improve gait stability

(IJRR 1998)

5. Dampers Improve Gait Stability [Dramatical Iy! 1

Limut cycla on a 10 degree siope Taking a cue from the connection between gait stability and
' . ' ' energy dissipation, we studied the effect of placing passive
damping elements in the robot’s hip joint. A significant im-
provement of the gait stability and overall gait versatility was
achieved by this without violating the “passive” status of the
robot. The damper affects a continuous dissipation of energy
in the robot in addition to the energy dissipated intermittently
during ground impact. Although even a linear damper may
increase the range of slopes on which steady gaits exist, we
obtained more encouraging results with quadratic dampers.

Angular velocity (rad/sec)
(=] —

|
-
T

2

3= — _ . - . J Finally, let us mentio_n that_ the addition of a quadratic

’ " Angular position (rad) ' ' damper ox (6',,;)2 dramatically influences the robot’s behav-
ior. With this damper 1n action, the robot can possess ex-
tremely large limit-cycle attraction basins and can deal with
steep slopes (we have found steady gaits up to 20°) that are

Fig. 17. The phase diagram of the compass robot with a pass
quadratic hip damper (with a coefficient 0.23 Nm/(rad/sec

walking down a 10° slope with a steady gait. impossible otherwise. The implications of this are unclear,

and the implementation of such a damper (either passively or
actively) is, at least, not straightforward.



Unknowns of Compass Gait

Is it true that there is only one passive limit cycle for a given slope? If so, why?
Existence of limit cycle: there are three energy quantities that determine the gait,
a) PE lost due to descent,

b) KE gained

c) KE lost due to impact.

These are the necessary conditions. What are the sufficient conditions?

Even when we know there is a limit cycle why is it so hard to find it?

Integrate springs and dampers to compass gait and search for passive limit cycles

Investigate the impact model. Has anyone tried to verify this experimentally?



Unknowns of Compass Gait

What is the basin boundary of a limit cycle (both for state perturbation and parameter

perturbation)
/ Need to identify this region

Are there fundamental differences between effects of state error and parameter error?

Size of basin of attraction seems to be much larger along the direction of the velocity
states than that along the position states, similar behavior observed in other hybrid
systems. What is the explanation?

Two different stability characteristic: Size of attraction basin and strength of contraction
Chaos and bifurcation are observed in passive gait — so what?




Work continued by others...
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100 CHAPTER 4 MODELING AND ANALYSIS OF WALKING ROBOTS

Figure 4.2: Setup and choice of coordinates and parameters for a planar straight-
legred walking mechanism on an inclined flat floor.

exist. Furthermore, the optimization problem (4.1) can be extended, for example
to include extra adjustable passive elements, which is exploited in Chapter 5.

The resulting gaits, obtained from either the Poincaré method or the optimiza-
tion procedure, are periodic solutions to the dynamics equations. Whether these
solution are stable or not, and how large the region of attraction of stable so-
lutions is, is not determined by either gait search method. Especially for pure
passive dynamic walking (in which case no control is available to stabilize the
system), the region of attraction is very important: it determines w hether a setup
will actually be able to walk in practice, under the influence of disturbances and
modeling errors,

4.2 A planar compass-gait walker

As a first example of the modeling and analysis techniques for walking robots,
we consider the planar mechanism shown schematically in Figure 4.2, It consists
of two legs with a point mass m at their centers, ]n:uned by a h1].h]-:ni.nt of mass
my. The feet oy and o can come in contact with the Uu.nd which is tilted at an
angle - as shown in the lgure, This robot is often -:alled the compass-gait walker,
because its mechanical structure is like that of a compass used for drawing circles.

The compass-gait walker has been studied by many different people in liter-
ature, mainly because it is the simplest possible mechanism that can still exhibit
walking behavior. Its continuous dynamic equations are simple enough to be
managed by hand, vet the total dynamics including impacts and contact switch-
i.n? possesses very interesting behavior involving stable passive limit oy des and
bifurcations (see Goswamiet al. (1998) for a presentation of these aspects). In this
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Chapter 5

The Compass Gait Biped

In this chapter we apply the extendod conteol law From the previons chapter to
a apecial class of biped robots.

We will someetimes nae the following shorthand notation: gs for geoond slop, e
for integral curve, sec for seconds, rad for radians, deg for degrees, m for meters
[|.|!| ]II.iIl'L"'\-:l and I'Lp, fion ki|l.r,_;1.'u|:Lh.

This chapter i based on [SB0OZ], [GEKST] and [GTEDS].

5.1 The Model

We consider a very simple model of a biped robot, the compass galt biped (OGE)

shown in 1'wm- al.

Figure 5.1: The Compass Galt Biped (CGB).
Thee details of the model are as follows:
i The mass s coneentrated ac § poloes; mass g at the hip and masses
wi o each |.1';_:. located at distances a and b from the ]L'H l:i|| and the ]:ui.||.
respectively. During simalation my=10Kg and m=5Kg.

i The legs are ldentical and during shmalacion a = &= 0, Gm.

3
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Time-scaling control of a compass type biped robot

P Fauteux, P Michean and P Bourassa
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ABSTRACT

This paper presents a robust control strategy driving an actuated compass gait robot towards steady
and penodic gaits. By robust we mean a large basin of aftraction for the limit cycle. The onginality
lies in the generation of the swing leg reference angle and speed as a simple function of the supporting
leg angle. Simulations and experimentation with a prototype showed that the system extubits
asymptotically stable walking cycles with large and strong basins of attraction.

1 INTRODUTION

Investigations invelving biped robots are usually done with one the following goals 1n mund: creating a
complementary tool to clinical studies for the understanding of human walking mechanisms or paving
the way for future robotic developments in various emerging fields. Either way, the complexity of the
bipedal gait remains an obstacle to its understanding and explains why searchers in the field spend
vears understanding its subtleties.

The compass gait, as described by Goswant et al. [1] and Garcia, Ruina and al [2] 15 widely accepted
as the simplest model of bipedal locomotion and 15 also recogmzed, by the biomechamsts, as the most
basic sub-action that explain the overall walking mechanism This simplicity allows much msight into
the dvnamics and control of the human gait and the drawing of strong foundations for the future
development of more complex walkers. Furthermore, this gait being dvnamic, the kinetic energy is

Conlrel of the Compass Biped via Hip Actuation and YWeight

Perturbation for Small Angles and Level Ground Walking

Mutthew Todd Farell

Abwrot—The Compase 1361 is 4 dmplifed model of biped
willkimg. 1 his besn slwwm (here exist stbile limit cycles for
the pussive dymamde walker To neresse the size ol basin
ol attructim if s posible o provide ool o e hip and
ankles. and despgn oiber spergr shaping coniral (s adjst speed
and siahility 1l ihe walker In ihis puper 1 implement b
vinirible s disvweral by Coswami, su al iboienlargs the basin
ol sttraction b1 @inind 4 Bped Forther. | go an b imyle nend
a Weighl Perturbation dlygodihn  mutimize the sze of e
lsasin ol alirscfion lor & small pan ol siake space Iy oprineing
the pains on the bip omivaler prvided by Goswami

L INTRODLCTION

In gerenil noderstunding hiped Incoopiion is a ven
difficul problew, For hundreds of years scizntists have baeen
Irving in nndersiand what mathemslical chamcleristcs of
livman nelon produce stahblz walking. Severdl modz1s hove
baon mode over the decade s, and even somne carly work with
mution cupre alosed us o gain insight inio the problmn
|1] Moving ahesd several decades. ressarchers wem ahle o
show thal by mducing the slale spae comesponding o the
livinan body during speciie tasks buman walking conld be
miduced o o miclable poblem [2]]3]

The evenmal poal of these models is o explain how
o creole slable steady siabe walking for long porinds of
lme at minimal cosl. Cost can be the minimal amount of
erergy the biped usss, ar the small amount of energy needed
in ke the rabot walk with stahility for long periods of
lime Dnderacimaied mbotics is geat, becmiss jiexploits the
passive dynamics nhemnt in mechanical systems o producs
stable Hmil cvokes al a low eneigy cost. The sysem of sy
hers, the compass gait biped., has several ways of uchieving
a gablk passive limil cycle with minimal actuation

The paper by Goowaml, |4] mpesnis the most complate
sindy of compass gail dynamics o dak This poper, and
its other relatad works, cover the chaotc behay lor, and bosic
comrols raquirzd w enliuge the besin of atwacton beyond the
pesaive Umit oyckes for the hiped, Since then a full-ueniated
tusing both hip and onkk controllers) have been bszd o
achieve stable wulking at all angls, [9]. This is cheating dn
soine sense since the poal is to uiilize the passirity of the
mechinical sysem o lower opetating costs, Yeu (his system,
actuated all the joints, iz able o produce sable limle cyoks
berseel i the passite energy shaping conrels in (4],

II, THE COMPASS-GAIT MODEL

Fig. | shows the diapram of the compass guit biped 1=
dereribed in evem] places including [4]. The pamimziers are:
m are e Lip mass, @+ b= 1 is the lolal length of the leg.
moam lhe Jumped lep masses . and oy, Hp we e angks

Fig | The compies it biped mockel Thkeo from £ 857 Lechin Mekes

mlative m the dirction of provie of the aying and =t
legs mepectively, Though it is not drawn in the modd he
[nler-leg gk s assumed o be 2o, where o s hall ihe
[ker-leg angle

This medel of walking pssumks evernl things aboul
dynamics, physical constniction, wid contact with the prownd
{hat are otherwize wnrealistic, The first notable thing is thai
this is an appeoximation of hip function for a wolking biped.
There ae no knees or ankles which ne typically imporiam
for proond cleamnece during the swing phise of walking.
Furiter. the lack of ankle means that ke is no "heel sirike”
in o vpical sense The heel sirike bers i the impolsive
inkeroclion kefween the hiped and (he walking @urfoce with
m slip The soppering sudoce is fal wilth no dents. nises,
or piter simnge anilucls ollen present io mal mmps. Thiz
nssnmplion has boon wliwed in some moenl work where the
suffnce varies in heighi drmalically (mom siep o skep nsing
o rundinmly varying surfes beighl [f].

During awing, the s¢ing kg actually passes through the
supporting suface If this were a kneed medel this would
be a constrmining condition, so the ool would not be able
Ip pass thimugh the ramp The mods] would not be allowed
1o pass thimugh the supponing surfsce al amy peint. For the
sk of this simplistic stucly this assumption hos been relmad
slightly. The dynamics of swing phas: is assumed (o be the
sme 45 that of an inversd planar double pendulum tha
cannod pass through the support surface prior o bael stike,
The chimtion support fool change [ instantnecs.

Aside from the dynnmics, coch leg moss is nssomed m e
o puinl mnass, milier than being distibnied over ke Engih ol
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Impact Dynamics Based Control of Compass Gait Biped

A. K. Kamath and N. M. Singh

Abstraci— In this paper we investizgate the control of compass
gail biped based on ils impact dynamics, We use the Receding
Horizon Contrel (RHC) strategy to develop an active control
law =0 as to mimic the passive gait, Our resulis shows that this
control strategy not only mimics the passive gait but can also
stabilize it for those initial conditions, which make the passive
=il unstahle.,

along with the reference trajectory to solve the optimization
problem. The controller provides the best current and future
control inputs out of which the current control action is
implemented.

The main contribution of this paper is the use of RHC
strategy on the impact d} namics of the compass gait

o o Thneemna sy o lemmns Lok d e, Ivman: bl aeec v ek o,

Discrete Mechanics and Optimal Control
Applied to the Compass Gait Biped

David Pekarek, Aaron D). Ames, and Jerrold E. Marsden

Abstraci— This paper presenis a methodology for generating
locally optimal control policies for simple hybrid mechanical
systems, and illustrates the method on the compass gait biped.
Principles from discrete mechanics are wutilized to generate
optimal control policies ag solutions of constrained nonlinear
optimization problems, In the contexi of hipedal walking, this
procedure provides a comparative measure of the suboptimality
of existing control policies. Furthermore, our methodology
can be used as a control design tool;, to demonsirate thas,
we minimize the specific cost of transport of periodic orbits
for the compass gail biped. both in the fully actuated and
underactuated case,

policy yields a locally optimal cost functional for a given
performance metric. This cost functional indicates the rela-
tive optimality or suboptimality of the given control policy.

The applications of DMOC to the compass biped extend
beyond comparisons with existing control policies. Rather
than deriving boundary conditions from an existing control
law, they can be optimally chosen by way of a multi-layered
optimization scheme. The fundamental idea underlying the
scheme is to allow DMOC to optimize trajectories between
given boundary conditions in an “inner-loop™, while a gen-




Robert D, Gregg

Department of Electrical and Compuler Engineering,
Ulniversity of Olinols at Urbana-Chamipal gn,

Urbana, IL 1801,

ETY

rerege @lHooks edu

Mark W. Spong
Department of Electrical Engineering,
Ulniversity of Texas at Dallas,
Fiichardson, TH 75080,

54

mspong dutdallas edu

Abstraci

I iz paper we develop Me COACER! of rediction-Based Comtml,
WRIch i8 fowaded o a cortrolled form of promelile reduction ki
aF functiong Rowiklen redacion. We prove a geomelric properyy of
peneral ser-chain mbols lenmed recursive cyolicity, ideniiving the
[l rE ! FOBOT SYRRME IS IR We EXPEoil Wit he Submbo! TREorem.
This Sows (hG! any Feriai-chain robol can be decomposed o ani-
IRIFY AW -Cmen S0 R GROINELT drd control. W JPPY RIS metkod
i comstraeT Siable directional theee-dimensiongl walking gais for @
[oir-degree-af-freedom hipped Mpedal sobol, The controlled rediic-
Movl decouples the blped’s Kigial-plane monion from e yow dad
leatnl mmoces, @ o M2 RGNl S DRI M WE UEE PAETNIY-DoTed Con-
ol i prodce keovws plangr Il cycles on flal groand, The unsia-
Ble YW @ 1EGI MOOEE I SEPaTately controlled & 2-peslodic orbity
hevagh Melr shaped momenia, We samericglly verify ihe exisience of
slabie 2-periodic sraighi-walking Bl cyoles and demonsirgle iim-
ing capabitiles for the contolled biped.

KEY WORDS—nonlinear control, symmetry, geometric re-
duction. generalized momentum. bipedal locomotion, pessive
dynamics, hybrid systems, limit cycle

1. Introduction
The implications of understanding bipedal locomotion ane

great owing boits human application. The potential for i mproy -
ing prosthetic limbs, navigating uneven termestrial surfaces,
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Val. 28, Mo, &, May 2010, pp. 680702
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Reduction-based Control
of Three-dimensional
Bipedal Walking Robots

and creating efficient locomotive mechanisms are among the
mary incentives that drive reseamch in this field of robotics.
The humanoid form of locomotion known as dynamic bipedal
walking is based on “controlled falling”. where each leg’s step
oycle invalves a fall bowards the ground until foot impact rans-
fers this falling motion to the other leg (enabling a hybrid
sense of stahility for the walking gait). This is quite differ-
ent from the “quasi-static™ locomoation of the popular Honda
Agimo and Sony Qo mobots, These hipeds maintain a static
sense of stahility during each step cycle, resulting in unnatural
and inefficient shuffling motion (Koo 2007

The first significant smdies in dynamic hipedal walking
concerned simple model: constrained to the sagittal plane
{two-dimensional space). such as the uncontrolled two-link
“compass-gait” biped of Figure 1. to roughly approcimate hu-
man dynamic motion. MoGeer (1990) dizcovened the existence
af stable “pessive”™ limit cycles down shallow slopes for the
compass-gait biped, and passive dynamic walking was further
studied by Goswami et al. ¢1996). Chevallerean et al. (2003)
prowed that stable limit cycles could be generated for under-
actuated planar walkers uzing a control method known as hy-
brid zero dynamics (Westervelt et al. 2003, Morris and Griz-
zle 2006), in which output linearization is employed bo zero
brybrid-imariant cutput functions (i.e. virwal constraints) de-
soribing the walking gait. These walking gaits were demon-
strated om the planar EABBIT bipedal robot at the Laboratoine
Automatique de Grenchle in France.

Although these concepts have been quite successful with
regard bo planar walking mechanisms, there has been scatterad

Przlimicary results of this paper werz presert in Gregg and Speng, 2008,
For simulation movies and additicoal medel detadl, visit hipsidecision.csl.
uiuc.adw--rgregg
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Compass gait mechanics account for top walking speeds in ducks and humans

James R. Usherwood®, Katie L. Szymanek and Monica A. Daley

Structure and Motion Labaratory, The Royal Veterinary College, Morth Mymms, Hatfield, Hertfordshire ALD 7TA, UK
*Author for comespondence (e-mall: jusherwood @ rve.ac.uk)

Accepted 2 October 2008

SUMMARY
The constraints to maximum walking speed and the underlying cause of the walk-run fransition remains controversial. However,
the motions of the body and legs can be reduced to a few mechanical principles, which, if valid, impose simple physics-based
limits to walking speed. Bipedal walking may be viewed as a vaulting gait, with the centre of mass (CoM) passing over a stiff
stance leg (an ‘inverted pendulum’), while the swing leg swings forward (as a pendulum). At its simplest, this forms a ‘compass
gait’ walker, which has a maximum walking speed constrained by simple mechanics: walk too fast, or with too high a step length,
and gravity fails to keep the stance foot attached to the flioor. But how useful is such an extremely reductionist model? In the
present study, we report measurements on a range of duck breeds as example unspecialized, non-planar, crouch-limbed walkers
and contrast these findings with previous measurements on humans, using the theoretical framework of compass gait walking.
Ducks walked as inverted pendulums with near-passive swing legs up to relative velocities around 0.5, remarkably consistent with
the theoretical model. By contrast, top walking speeds in humans cannot be achieved with passive swing legs: humans, while still
constrained by compass gait mechanics, extend their envelope of walking speeds by using relatively high step frequencies.
Therefore, the capacity to drive the swing leg forward by walking humans may be a specialization for walking, allowing near-

passive vaulting of the CoM at walking speeds 4/3 that possible with a passive (duck-like) swing leg.

Supplementary material available online at hitp:/jeb. biclogists.orgicglicontentfull /21 1/23/3744/DCA

Key words: walk, run, gait, transition, inverted pendulum.

INTRODUCTION
Walking animals use immensely complex combinations of muscle
and nerve actions to drive and control their limbs, However, the
mechanical principles underlying walking may be simple and peneral.
Walking —inhumans at least — is a relatively sti ff-limbed gait without
aerial phases and is often described as acting as an “mverted
pendulum’, with kinetic energy £ at the beginning of each stance
phase translating to gravitational potential energy £ as the centre of
mass (CoM ) rises to its highest point near mid-stance, and returning
as Ey s the body falls towards the end of stance. In its simplest form,
walking as an inverted pendulum can be described by a “compass
gait” model (McGeer, 1990; Alexander, 1995; Goswami et al., 1997,
Crarcia et al, 1998) (see also Saunders et al., 1953; Kuo, 2007). This
model is planar, has completely rigid limbs, exactly one point-foot
in contact with the pround at any time and instantaneous transition

fascinating comparison with humans: is the mechanical approximation
of a compass pait relevant to walking in such a non-specialized
walker?

In the present study, we report forceplate-derived measurements
of waddling, walking and running in three breeds of duck. We use
the term “energy recovery” (ER) (Cavagna et al., 1977) to describe
the maximum potential for changes in CoM E; and K to be passive,
consistent with the mverted penduhim model of walking, We use ER
to distinguish between “walking’ (high ER) and “running’ (low ER)
gaits. The importance of lateral motions — “waddling” —to the potential
passive qualities of walking is demonstrated by calculsting ERs both
inchiding and excluding the E; associated with lateral motions.

The three duck breeds, Aylesbury, Mallard and Indian Runner, are
all derived from mallards Anas planvefncos (Linnseus 1758) but have
radically different forms (Fig. 1A). The Aylesbury is large, selected
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Abstraci—This paper presents a simple method to generate
a gait trajectory of A compass ype biped walking model.
The method melies on the symmetric charscerisdcos in the
dynamics of the model. The motion generated by this me thod
resembles that of Passive Dynamic Walking phe nomenon, as
the motion consists of a phase of a hallistic beg swing and a foot

collision taking place one after another. The two differs in the
point that the method & constructed sgainst a bevel surface,
while Fassive Dnmamic Walking occurs on 2 shallow slope.
We constructed a compass type biped robot to expe rime ntally
confirm the effectivensss of our method Freliminary resalis
that partially validate our method are shown.

I. INTRODUCTION

Recently, therz have been many meseamhes carried out
an biped locomotion. These mesearches have presentied
various control methods to geperate locomotion. However,
the locomotion that are realized by these esearches need to
be mfined and further developed to achieve higher epergy
efficiency and more natural movement resembling human
features.

It iz claimed in [1] that aspects of walking at normal
speed is well mpmsented by a model which completely
disregards external actuation with the initial positions and
velocities of the limbs at the beginning of the swing

Fig |. Compass Twpe Walking Maodel
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The acrobot provides a particularly apt example for not ¢
systems, but also a simple model for walling machines called the |
original compass gait walking model (Espiau 1994) as shown in Figw
acrobot, 15 a double pendulum actuated only through a torgue appl

jointed hip. It is casually noted in recent papers (Byl 2008) that the «

Figure 1.4 Visuals of the first reference (Espiau 1994) to the compass gait walking
maodel (left) and 1ts current implementation (Byl 2008) with a more obvious resembla

to the Acrobot (right).

Figure 1. Biped knee-less walking robot

2. Biped walking model

2.1 Biped walking robot and model assumptions

The level-ground walking based on passive walk proposed in this paper needs a torso. In
this paper, a simple biped robot with a torso shown in Fig. 1, is considered. This walking
model is adding compass-like walking model (Goswami et al, 1996) o a torso, and has been
studied in (Grizzle et al, 2001). The robot is composed of a torso, hips, and two legs. All
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Stable Walking for a Compass-like Biped Robot in Complex
Environments

Yong Hu, Gangfeng Yan, and Zhiyun Lin

2.2 The Compass Gait Biped Robot (CGBR).

The compass gait biped robot was first introduced mn [1]. It 15 a simplified versior
of the PDW and similar to the one described mn Figure 2 (see Figure 3). the main
difference being that the masses are no longer constramed to being located only at the
end of the leg (12 ¢ no longer must be equal to 0). As with the PDW. the CGBER 15

assumed to always be in the swing phase except for when the support transfer phase
occurs (remember this phase 1s considered to be instantansous).

Figure 3 ~ The Compass Gait Biped Robot from [1]

The equation for the swing phase contains three major matrices: M the inertia

matrix, [N the centrifugal coefficients matrix and G the gravitational torque vector. The
following 1s the equation:



Different leg masses at a 0.60 degree slope
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Figure 82, Full facial view of the completed AJP.



4.2, A PLANAR COMPASSGAIT WALKER 105

Figure 4.3 Experimental setup of a compass-gait walker that uses stepping stones
to avoid toe stubbing of the swing leg,

Figure 4.9 Experimental kneed walking robot ‘Dribbel’.



Figure 7-3: Compass gait robot posed on rough terrain.

Fig. 8 The expeniment facilites



Rigorous Stability Analysis

Model of Running Model of Efficient
Human Walking
Raibert's Hopper (1984) Passive Walkers
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