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Abstract

The Bow Leg Hopperis a new type of runningrobot with an efficient, flexible leg. A
one-lggedplanarprototypehasbeendevelopedthat passiely stabilizesbody attitudeand
is efficient enoughto useon-boardbatteries.It is controlledby a real-timeplannerandhas
demonstratedrossingof simpleartificial terrainincludingsteppingstonesandshallav stairs.

The machinehopsusinga Bow Leg, a new type of resilient, flexible leg namedfor its
similarity to an archerybow. The Bow Leg comprisesa curved leaf spring, foot, freely
pivoting hip, andtheBow Stringthatholdstheleg in compressionTheBow Stringis usedio
controltheleg potentialenegy: it mayberetractedo storeenegy by bendingtheleg, heldin
place,andreleasedo performusefulwork. Theleg is positionedusinga hobbysenomotor
coupledto the foot with control strings. During locomotion,the machineis controlledby
actuationduring flight. the leg is positioned,andthe Bow String retractedto storeenegy
thatis automaticallyreleasedduring stance. During groundcontactall the stringsbecome
slack,andthe hopperbouncesassvely off the groundwith no forcesor torquessupported
by actuators.The hip joint is attachedo the body slightly above the centerof massso the
body effectively hangsfrom the hip during groundcontactandthe naturalpendulumforces
passiely stabilizebody attitude.

In thisdesignasinglespringprovidestheleg structure glasticity andenegy storageThe
high forcesof groundimpactarecarriedconseratively by the springandhip bearing. This
addresse$our problemscentralto dynamicleggedlocomotion: a low-power actuatormay
be usedfor thrustby storingenegy in theleg; low-force actuationmay be usedto position
the leg; the free hip minimizesbody disturbanceorques;andthe hoppingcycle is enegy
efficient sincenegative work is eliminatedandthe springhashigh restitution. The machine
is aform of “programmablenechanism’tonfiguredby leg positionandstoredenegy during
flight to controlthe evolution of thebouncedynamics.

The physicsof the machinehave beenmodelledin closedform usinga combination
of idealizedanalysisand empirically determinedfunctions. Thesemodelsare usedby a
plannerthat finds sequencesf foot placementsicrossknown terrainto a goal position by
searchingagraphrepresentinghetrajectorieseachablérom ary givenlanding. Theplanner
usesheuristicsto discretizethe continuouscontrol spaceand estimatepath costs. Pathsare
generatedn realtime asneededn conjunctionwith a feedbackcontrollerthatrejectslocal
disturbances.

The dissertatioralsoincludesgraphicalmethodsor terrainanalysis discussiorof me-
chanicaldesigndetails,detailsof the real-timegraph-searciplannerandheuristics,andex-
perimentaldatafrom the planarprototype.
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Chapter 1

Intr oduction

As humanbeingswe have remarkableabilitiesto go almostanywhereon this planet
underour own power, usingarmsandlegs, instinctandcunning. A large chapterof
the history of technologyis aboutinventingmachineghat augmentour abilities to
move ourselesandour materials. Now thereis a categyory of machinesemeping
thatareintendedo move abouttheworld on their own to carryouthumanpurposes.
Many of thesemachinegoll, somefly, but a numberhave adoptedthe peculiarad-
vantage®f legs.

We have becomeaccustometb machinesutperformingourabilitiesbecausave
inventdevicesto overcomeour limitations: carstravel muchfasterthanwe canrun,
airplanesfly higherthanwe canjump. To build autonomousnachinesve needto
recreatesomepart of our own abilities—andaswith mosthumanabilities, we have
little appreciatiorof our own talents.

But with eachwalk up aflight of stepswe casuallytravel whereour machinesare
clumsyandlimited. Eachtime we hike up a mountaintrail, tiptoeingacrossstreams
on slipperystoneshoppingacrosdallenlogs, we rediscawer eleganceandbalance,
our inheritedwisdomaboutmoving throughthis world.

This dissertations aboutdevelopinga new kind of leggedmachinethatcanrun
over uneven terrain. Its designis simple and principled. The work includesnewn
designconceptsand detailsof a battery-paveredlaboratoryprototype. The scope
includesnev mechanismandthe mathematiceindsoftwareto animatethem.

1.1 RobotLegs

Legsareaviable choicefor generalrobotlocomotionbecausehey offer agility and
speed. Wheelsmay be fasteron level ground,and wings or rotors offer the third
dimension,but legs have demonstrated@n agility moving aboutthe surface of the
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Figure 1.1: Photographof the hopperprototype and schematicof the constraint
boom. The hopperrunsin a circle definedby the boom. The boom allows three
degreesof freedomon the surfaceof a sphere:(z, y) positionandé body rotation.
The leg rotatesaroundthe hip (¢ axis) parallelto the body rotation. The boomis

instrumentedo measurer, y, andf. Theleg is 25 cm long andthe boomradiusis

1.5m.
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earthunsurpasselly ary otherform of locomotion.Walking machinesaregoodfor

moderatespeedacrosgerrainbut cannotcrossholeswider thantheir reach. Better
still are running machinesbecausehey may jump acrossholesand up and down

stepsthey arenotlimited by the physicalspanof theirlegsbut only by their capacity
to storeenenpy.

This dissertationwas motivatedby the ruggednessnd enegy capacityof the
Bow Leg, a new leg conceptinventedby Ben Brown anddevelopedin conjunction
with this thesis. Figuresl1.1 and 1.2 depictour prototypeBow Leg Hopper The
leg is a bow-shapedspringmadeof laminatedfiberglass. Attachedto thefoot is the
Bow String usedto storeenepy in the compressiorof the leg. A pair of control
stringsdrivenby a hobbysenomotorpositiontheleg duringflight. The prototypeis
constrainedo threedegreesof freedom(DOF) by a radialboom,andis poweredby
aNiCd batterypackmountednearthebody

Thefirst partof the storyis concernedvith incorporatingthe leg into a hopping
machine,andthe secondwith developingplanningsoftwareto controlit acrosser-
rain. Beforeexplaining theseideasit is worthwhileto think a bit aboutthe natureof
dynamiclocomotion.

Runningis aboutflying throughtheair, atleastuntil ballisticflight inevitably ends
with a collision with the ground.Whena ball runs,we usuallysayit is “bouncing”;
at eachcollision, it compresseandtakesoff againif enoughenepy is storedand
returnedto vertical motion. Humansand robotsgenerallyarent as symmetricor
compliant—thg requirea morespecializedounceusinglegs. Thecycleis similar,
exceptlegs canaddadditionalenegy duringthe collision by exerting forcesagainst
the ground. And unlike the ball, legs can changethe direction of travel at will by
applyinggroundforcesasymmetrically

The agility of runningcomesaboutfor two reasonsthefoot toucheghe ground
only atisolatedpoints,andthe high forcesduring groundcontact(stance)llow for
rapid changesn velocity. This agility is possibleevenwith only oneleg—hopping
is one-lgggedrunning. While two or more legs offer more variety of gaitsandthe
ability to move legs aboutduring flight without inducing body rotation, oneleg is
viablefor runningmachinesgspeciallya lightweightleg thatcanbe positionedwith
smalltorques.

The ultimate goal is the designof fully autonomousunningmachineghatcan
crossnaturalterrain. Suchmachineseedhigh efficiengy, goodterrainperception,
mechanicatuggednessandthe ability to stopandstartandgetup from falls. The
Bow Leg Hopperdoesnotsolve all theseproblemsput doesoffer efficientandstable
hoppingwith a simplerobustmechanism.

11
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Figure 1.2: Explodedview of the Bow Leg Hopper The top seno rotatesa disk
carryingthedrive pulley thatcanengagehe Bow Stringin orderto compressheleg.
Thebottomseno positionstheleg. Thehip is anunactuategbint with aball bearing.
The ballastandseveral partsareomittedfor clarity. Thebodyis 4 incheswide.
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Figure 1.3: Threephasesf the Bow Leg Hopperthrustmechanism.From left to
right: theBow Stringretractedo storeenegy in leg compressiontheleg compressed
from theimpact,andthestringsslack;theleg relaxedafterenegy is transferredrom
the leg to motion. Subsequentlyhe leg is retractedagainandthe cycle repeatdor
eachbounce.

1.2 Keyldeas

The startingpoint of this dissertations the ideathat a leggedrobot can mimic the
essentialbiological aspectsof running—i.e.,travel using a leg to bounceoff the
ground—yetbe designedto besttake advantageof mechanicalcomponents. For
example,musclegpackamazingforceandenepgy capacityandaredifficult to mimic
mechanically Our solutionis to take the actuatorsout of the load path. The key
insightis thatif enegy storageandcontroltake placeduringflight, thenthe motors
never carrytheweightof the machineandcanbelow-power. Thisis acoreprinciple
of theBow Leg, whichis describedn thefollowing sectionin its mostgeneraform.

1.2.1 Bow Leg

The Bow Leg comprisesa curved leaf spring,foot, freely pivoting hip, anda string
that holds the leg in compression. The namecomesfrom the resemblanceo an
archersdbow. Thefunctionof the Bow Stringis to controlthe potentialenegy in the
leg. It mayberetractedduringflight to storeenegy in leg compressiorandreleased
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Control during flight: G
leg angle positioned -

energy stored in leg

Takeoff:
. oo strings retension
Stanceis passive:
eontrol strings slack
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Ground force F f
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Center of mass below hip = passive pitch stability

Figure1.4: lllustration of the passve physicsof the hopper Thetop representshat
the hopperis a passve spring—massystemwhenin contactwith the ground. The
bottomfigureillustrateshow the placemenbf the body massbeneattthe hip allows

thebodyto bepassvely stabilizedlik e apendulum.
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to full lengthuponimpactto releasethat enegy into body motion. The leg pivots
freely atthe hip to minimize bodydisturbanceorque.

The basicprinciple of the Bow Leg is thata single springcanprovide the func-
tions of leg structure,elasticity and enegy accumulation.A single springcanbe
very lightweightto minimize the lossesassociatedvith sweepingtheleg. The ab-
senceof otherjoints meanghatthe high forcesof groundimpactarecarriedby the
mechanicatomponents—thepringandthe hip bearing—ando forcesor torques
needto be supportedy actuatorsiuringstance.

Theleg is controlledwith stringsthatbecomeslackasthe leg compressewith
the groundforce. As aresult,all enegy inputto theleg occursduringflight andthe
stancds passve. Tensionelementsaregoodfor thisrole becausehey guarante¢he
decouplingof the actuatordrom theleg during stance.They arelow-massandmay
be accelerateavithout significantforce. In the simplestcase the Bow Stringcanbe
usedfor bothenegy inputandpositioncontrolby exertinglateralforcesonthestring
to positiontheleg andaxial forcesto tensionit. Alternatively, anadditionalharness
of positioncontrol stringsmay attachto the foot.

Theseprinciplesaddresshetypical lossesf leggedsystemsnegative work and
leg sweep.Negative work occursin articulatedlegs whenan actuatorappliesforce
in thedirectionoppositeits motionandthusabsorbsnegy from the systemAle90]
[Rui91]. This canwastea significantamountof enegy, but negative work canbe
eliminatedby designby avoiding articulation.Leg sweepossegesultfrom theneed
to acceleratéhe foot to matchthe groundspeedandarekeptsmall by usinga very
low-inertialeg. Also, this solutionis compatiblewith the passve sweeposcillation
solutionproposedy [AB97].

1.2.2 Bow Leg Hopper

This thesisis concernedvith the applicationof the Bow Leg to hopping. The Bow
Leg could concevably be usedon machineswith multiple legs andwalking modes,
but a one-lgggedmachineis a simpler mechanisnthat retainsmuch of the speed
anddexterity of running. This discussiorpresentshe mostgeneraldeas;theactual
prototypesdo notimplementevery possibility.

A fundamentalproblemfor arny locomotingmachineis the regulation of body
orientationand rotationalvelocity. Extremebodytilt cancausethe joint limits to
interferewith leg positioningaswell asinterferewith sensingandpayload.Evena
moderateangularvelocity canintegrateduring flight to a body orientationthat pre-
ventsa safelanding. However, the largesttorquesthat upsetbody attitudegenerally
comefrom theleg itself.

A fundamentaprinciple of the Bow Leg Hopperdesignis to minimize body at-
titude disturbancesForemostto this goalis the freely pivoting hip: the leg rotation
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Figure 1.5: Sample hoppertasks; only items A-C were tested experimentally
A: Hopping at constantheight. B: Hopping betweenfootholds. C: Accumulating
kinetic enegy to crossanobstacle D: A forwardflip. E: Accumulatingpotentialen-
ergy in theleg to crossanobstacle F: A high/low gait createdoy alternatelystoring
andreleasingenegy on successie steps. ltemsE andF requirean enhancedow
Leg with partialenepgy release.
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is decoupledrom the body during stanceto precludehip torques. The secondele-
mentis a low heightbody designwith the centerof massnearthe hip to minimize
thetorquesproducedoy groundforces. The body attitudeof the hopperprototypeis
passvely stabilizedby designby locatingthe centerof massslightly below the hip.
Alternatively, bodyorientationcouldbeactively controlledby manipulatingherela-
tive locationof the hip andcenterof massduringflight to controlthetorqueimpulse
producedby the leg during stance. This form of attitudecontrol would involve no
work sincethelow-masdeg would berepositionedvhenno forceswereactingupon
it.

Another basiclocomotionproblemis the control of kinetic enegy. Enegy is
constantlyflowing from gravitational potentialto kinetic enegy to leg springpoten-
tial andback. Enegy mustbe provided to make up for lossesn this cycle. In the
hopperthrustenegy is transferredrom alow-power actuatorto body motionusing
the leg springasa buffer. Enegy is storedin the leg springby retractingthe Bow
Stringduringflight. Typically, flight is longerthanstance—thispproachallows the
accumulate@negy of alow poweractuatotto bereleasedn ahighenegy burstdur-
ing stance TheBow Stringcouldalsobe usedto capturekinetic enegy by allowing
only a partialleg extensionduring takeoff. During theimpactthe leg storeskinetic
enegy until the point of maximumleg compressionlf the stringwerebroughttaut
beforetheleg fully extendedhenenepgy wouldstill bestoredasleg potentialenegy.
In this mode kinetic enegy would beretainedasspringpotential;this featurecould
be usedto storegravitational potentialfrom a high fall to belaterreleasedskinetic
enegy.

Thetrajectoryof the hopperis governedthroughcontrolof enegy andchoiceof
foot placement.During stancethe leg exertsa large force on the body. By placing
theleg far forward, the nethorizontalvelocity changewill be negative andthe hop-
perwill slow down or move backward. Of course the foot placemenmustalsobe
compatiblewith theterrain—thisis the principal constraintthat motivatesthe devel-
opmentof a plannerto controlthe hopperacrossunesenterrain.

A usualdisadwantageof a one-leggedmachineis the needfor “leg recovery;” the
swing of theleg duringflight from the takeoff positionto the next landingposition.
The Bow Leg is lightweightenoughto be moved during flight without significantly
upsettingbody attitude. The swing motion doesrequiretime, however, soat low al-
titudesor high speedsheleg recovery time canbecomeanoperationalimit. Within
theseboundsthis new designmakeshoppingfeasibleasa primarygait.

A typical one-lgggeddisadwantagethatis not addresseds the difficulty of con-
trolling yaw rotationin an unconstrained3D” hopper The leg force is alongthe
leg axis, which symmetrydictatesshouldlie nearthe centerof the body. It might
bepossibleto displacethe hip sidevaysto produceyaw torquesbut they will always
be small. Onesolutionmight be to usea sphericaljoint at the hip so the hopperis
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symmetricaroundthe verticalaxis. Sucha hoppercould not controlyaw but instead
would beinsensitveto it—it would bouncealong,freely rotating,andstill beableto
changdadirectionat will.

1.2.3 Hopper Physics

An essentiabspecbf theBow Leg concepis thatthenaturaldynamicsof themech-
anismproducehoppingmotions. Evenwith no power or control applied, the pro-
totype canbe droppedandwill bouncesereraltimesbeforefalling over. The Bow
Leg embodiesa minimalist designphilosophythat emphasize$ashioningmechan-
ical oscillatorswith motionsthat solve a task. This leadsto simplicity andenepgy
efficiency.

The Bow Leg Hopperis a simple configurationof a mass,pivot, andspring. It
closelyresemblesnidealizedhopperwith a masslesseg andfrictionlesship, and
exhibits similarly predictablephysics.Theidealmodelassumesnechanicattability
of thebody attitude,a masslesseg, africtionlesship, body masscenteredat the hip,
andaninfinitely stiff leg. Sincethe mechanisnpassvely stabilizeshodyattitudethe
modelmay neglectbody orientation. The physicsof this modelis very muchlike a
stiff ball bouncingon a surfacewhoseslopecanbe controlledat eachimpact. That
is, the impactis instantaneousthe slope of the effective surfaceis perpendicular
to the leg, andthe angleof reflectionis equalto the angleof incidence. With the
additionof fixeddissipationin theleg anda controllablethrustenegy, therearetwo
degreesof freedomto controla planarhopperor threedegreesof freedomto control
anunconstrainethopper

In practice,this model offers a reasonablepproximationof the actualbounce.
The chief differenceis that real hoppershave a finite stancetime and so the body
moves during stance. This violatesthe pure reflectionmodel but straightforward
empiricalmodellingcancompensatsufficiently for controlpurposes.

Another aspectof physics-basedesignis the consideratiorof the enepy in-
volved in the phasesof locomotion. At impact, kinetic enepy is transformedto
potentialenepgy in theleg in a high-pavertransferthenbackagainat takeoff. If ex-
ternalwork on the systemis performedduringthelongerflight interval, the actuator
power canbe muchlower. The Bow Leg designkeepsall high powerin mechanical
form and usesonly small electricalactuatorso restorelossesand provide control
forces.

In thesameveinis theideaof eliminatingnegative work. Articulatedlegsalways
have the possibility that an actuatormay move in a directionoppositeits force, and
thusabsorbenegy from the system.This typically representslissipationof enegy
beingaddedby anactuatoron anothejoint. Animalsavoid thisto somedegreewith
elastictendonghatconnectacrossmultiple joints. The Bow Leg solutionis to have
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Figure 1.6: A view of the long rangegoal. The Bow Leg Hopperillustratedcan
captureimpactenengy in theleg andreleasat later As it leapsdown from the high
ledgeit storeskinetic enegy in theleg thatis releasedluring successie hops.(The
enepy storingleg andterrainsensingarebeyondthe scopeof thisthesis.)

e

only onejoint, the hip joint, which is not actuatecat all during stance.lt is asimple
mass-springystem:ary enegy absorbedrom the motionis storedin theleg, to be
eitherdissipatedstored,or released.

Enegy analysisalsomotivatescontroldesign.For example,total systemenegy
(kinetic plus potential)may be invariantacrossa pathcomprisingseveral bounces.
The enegy may be transformedrom altitude (gravitational potential)to lateralve-
locity (kinetic enegy) alongthe way asthe hoppertradesoff altitudefor speedand
back.Enegy makesa suitablecontrolvariablebecausét reflectsthedissipationpro-
cess: on eachbouncea predictablefraction of enegy is lost, a controlledamount
may be addedby actuatorsor storedmechanically and so total enegy may be a
propertyof a paththatvariesslowly. Enegy constraintsnay be derivedfrom terrain
geometry:enegy boundsaredefinedby the setof pathsnavigatingeachobstacle.

The choiceof enegy asa control variableis especiallynaturalfor the Bow Leg
becaus¢hethrustmechanisndirectly controlstheenegy addedoy thepowersource.
Also, the dissipationof theleg asa springcompressingndrelaxingcomescloseto
anidealrestitutionin which enegy dissipateds proportionalto enepgy stored.
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1.2.4 Planning for Terrain

The ultimategoal of building leggedmachineds for themto move freely aboutthe
world. In large ervironments gettingto a locationinvolvesbothrouteplanningand
controlling eachfoot placemento safely traversethe local terrain. This thesisis
concernedvith thesecondoroblem:planninga shorttermpathacrossuneventerrain
andusingit to controlthe machinen the presencef errorsanddisturbances.

Whenlocomotionis treatedas a planning problemthe emphasidgs on finding
solutionsto a constraintproblemratherthangeneratinggaits. In generalthe prob-
lem is underconstrainednd heuristicsplay animportantrole. Theideaof a gaitis
transformedrom a specificstatemachineor oscillationto a setof constraintsand
heuristicshatdefinea family of hoppingtrajectories.

The critical constraintis making surethe foot always landsin a safelocation
withoutslipping. Of course a safefootfall canstill launchthe hopperon atrajectory
toward disasterandso pathscomprisingmultiple footfalls mustbe considered Al-
thoughtheterrainprovidesgeometricconstrainton thefoot, eachfoot placements
associateavith anarc of body positions. This meanseachterrainconstraintapplies
to asetof adjacentrajectories.

Thisresearclassumeshe plannerhasavailablea geometricnodelof theterrain
in which theregionsarelabelledassafeor unsafefootholds. The “unsafe”regions
may be either unsafeor unknown; the controller never choosedo placethe foot
insidethem. The geometricmodelis alsonecessaryor avoiding collisionsbetween
ary bodypartandtheterrain. Terraingeometryalsoinducesenegy constraintseach
terrainfeaturesuchasa hole or high point definesa minimum enegy requiredto
crossit.

Thefull physicalstateof a hopperincludesthe body DOF, control DOF, andthe
correspondingelocities. However, planscanbe representeih a smallerspaceby
definingthe hopperstateasthe setof parametershatdescribea flight trajectory;for
the planarhopper this canbe just threenumberghatdescribethe positionandhori-
zontalvelocity at the ape of a parabola.Although a hoppermay follow a complex
trajectoryduring stance ultimately it breakscontactwith the groundandthe center
of masdfollows a parabolaFor thisreasona pathfor ary hoppercanberepresented
asa seriesof parabolicsggments:the gapfrom the end of oneto the beginning of
thenext is the distancehatthe hopperbody moved during a stancephase With this
representationa plannercan leave the detailsof the stancephaseup to the hard-
wareor low-level controller providedthe planneris givena modellingfunctionthat
representghetrajectoryresultingfrom aninitial trajectoryanda vectorof controls.

With this formulation,the controltakesthe form of a function specifyingcontrol
parameterasa functionof theflight trajectory This functionis appliedonceduring
flight to setthe actuatordor the next stance.lf this functionis alinearfunction, the
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controlleris a discrete-timdinear controller If the functionis a plan specifyinga
particulartrajectory it is definedfor isolatedpointscorrespondingo thetrajectories
in the plan,andanothercontrolfunctionis neededo specifyactionsfor otherstates
thatcorvergebackto theplan.

This researchmakesthe assumptiorthat the plannermustoperatein real time.
Thatis, thehoppemwill traversedistancegreatethantherangeof ary terrainsensor
without stopping,soit will needto produceplanswhile moving. If the plansdo not
cover every local state thenerrorsmay suddenlyleave the hopperfar enoughoff the
planthatit mustimmediatelyreplanduring a singleflight phase.Thereare higher
level stratgjiesthatmight dealwith this problem,suchasrunningto safepointsand
stayingin placewhile computing,but this work makesthe simplifying assumption
thatthe plannemustalwaysproducea usefulresultwithin oneflight period.

Realtime operationis theprimaryconstrainonthechoiceof planningalgorithm.
The correctchoiceis highly dependenbn the available computinghardware; with
enoughcomputingpower, this problemcanbe solvedwith brute-forcedynamicpro-
grammingor abreadtHfirst searctbackwardsfrom thegoal. Thisthesisdemonstrates
thatasimplegraphsearchwith appropriatelychoserheuristicscansuccessfullyeross
simplelaboratoryterrainusingcurrentinexpensve computinghardware.

1.3 The Bow Leg Hopper Project

The previous sectionsketcheghe generaideasdevelopedin this dissertationMany
of theseideascould be appliedto ary hoppingrobotincluding future Bow Leg ma-
chines. This sectionfocusseson the specificsof the Bow Leg Hopperprototype
developmentjncludingthelaboratorywork, plannerdevelopmentandanalysis.

Theprojecthasinvolvedconstructiorof aseriesof Bow Leg Hoppersconstrained
to threeDOF. The first few operatedon an inclined air tableanduseda Bow Leg
madeof pianowire, followed by sereralversionsof a boom-mountediopperwith a
laminatedfiberglassleg. This progressiorof prototypess addresseth moredetalil
in Chapter2. It is thefinal versionof the boom-mountedhopperthatis presentedn
the mostdetail. This prototypehasdemonstrated@rossingof simpleuneventerrain
in thelaboratoryusingthe graphsearchplanner

1.3.1 Bow Leg Hopper Prototype

The boom-mountedgbrototypeis depictedin Figurel.1l. Theradialboomconstrains
the hopperto threeDOF on the surfaceof a spherethatallows unlimited “forward”
travel, aswell as measuringhe positionof the hopperusing sensoron the boom
joints. A lengthof rubbertubing attachedbetweenthe ceiling andthe boomacts
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Figure 1.7: Photographof the dismountedplanarhopperwith ballastweightsre-
moved. This versionusesa positioninglever to move the leg by driving the Bow
String.
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Figure 1.8: Schematicof the prototypethrust mechanismwhich storesenegy in
the leg during flight. The cycle begins in the relaxed state. During winding, the
seno disk rotatesthe drive pulley engageshe Bow String, andthe displacemenbf
the Bow String compressethe leg (not showvn). The enegy storedis a function of
rotationangle.During theimpact,the stringgoesslack,thestringreleasespring(not
shonvn) nudgeghe Bow String off the pulley, andtheleg extendsto full length. Not
showvn arethe seno body or theleg. Thewinding directionandstring displacement

alternatdeft-right.
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asagravity compensatiospringto simulaterunningin about30% of normalEarth
gravity. Thisis primarily an experimentalcorveniencethat slows the hoppingrate
for easierobsenation.

TheBow Legis constructeaf laminatediberglasswith acylindrical foot bonded
atoneendanda ball bearingatthe otherthatsernesasthe hip joint. It is constructed
flat andis compressedhto an arc by preloadingthe Bow String, which attachesat
the foot, passedhroughidler pulleys on the hip axis, and thenthroughthe thrust
mechanismTheleg is positionedusinga pair of controlstringsthataredrivenby a
hobbysenomotor The thrustmechanismensionghe string usingan offset pulley
drivenby a seconchobbyseno. Thetwo motorsarepoweredby batteriesmounted
on theboomnext to the hopper The hopperis controlledby anoff-board PC using
off-the-shelfl/O cards.

This hoppercanbe poweredby four on-boardNiCd “sub—C” cells for about30
minutes. The computationis off-boardbut is modestenoughthat the hoppercould
probablybe entirely self-containedf the ballastwere replacedwith a commercial
single-boarccomputeranda batteryfor it. Theleg is 25.4cm from toeto hip; the
hoppemweighsabout0.5kg andcarriesaboutl.5 kg ballast(includingtheboomand
batteries).

Thethrustmechanisms illustratedin Figure1.8. It operatedy driving a pulley
sidevaysinto theBow Stringbetweeraring constrainatthetopandtheidler pulleys
atthe hip. This pulls the leg tautduring flight. During stancethe string goesslack
astheleg compressehurther;this allows the stringto be nudgedoff the drive pulley
by the“String Releasespring” With slackstring releasedthe leg extendsto its full
lengthduringtakeoff andthestoredenepy is releasedTheprototypecanaddkinetic
enegy but not captureit; kinetic enegy is reducedoy applyingathrustsmallerthan
thenormaldissipatve losses.

1.3.2 Real Time Planner

Thisthesisseekgo demonstrat¢éhata plannerusinggraphsearchwith heuristicscan
computepathsacrossimpleterrainin realtime. Somegeneralideasfor constructing
hoppingplannersareoutlinedin sectionl.2.4,andtheprototypeplanneris described
in detailin Chapters. Whatfollowsis a brief overview of a particularsolutiontested
in thisthesis.

Partof thesystenlookslik e atraditionalrealtime controller Positionsensorsre
sampledat uniform intervals andthe body velocity computedoy an estimator The
phasesf the hoppingcycle aretracked by a statemachinetriggeredby the sensor
data. The leg actuatorcommandis continuouslyupdatedto keepthe leg pointed
along a designatedlirectionin world coordinatesusing a simple control law that
negateshe body pitch.
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Pre-programmed Terrain

Figurel.9: Experimentatatafrom April 16,1998,run4. Thecenterof massrajec-
tory is plottedateachtime stepandthebodyis illustratedat eachgroundimpact. The
wide steppingstoneis a brick andthe narrov onea pieceof wooden2x4 on edge.

The trajectory was recorded

motion using sensors on the constraint boom.

Theterrain is constructed of bricks and pieces of wood
set along a preprogrammed profile.

< 1 meter —- I I I

The body attitude isil]ustrated
only at touchdown points.

Figurel.10: Experimentadatafrom April 16,1998,runs3 and>5.
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However, the interestingcontrol occursjust onceper bounce. Becausehe ma-
chineis passve during stancethetransitionfrom onetrajectoryto anotheris deter
minedby the leg angleandstoredthrustenepgy at the momentof impact,sotrajec-
tory controlis performedby selectingheseparameterduringflight. The“real-time”
infrastructuras neededo procesghecontinuous-timesensoinformationinto anes-
timation of the flight parabola.Oncethe flight trajectoryis accuratelydetermined,
however, asinglecalculationmaypick the controlparameter$o governthe next im-
pact. Thismeanghelinearcontrollerthathopsat constantelocity overlevel ground
takestheespeciallysimpleform of asingleproportionafeedbackule evaluateconce
perbounce.

This work triesto blur the boundariedbetweertraditional planningand control.
Whenthe planneris consultedfor outputsonceper flight, the control calculationit
performsmayincludefeedbackmodificationof anexisting plan,switchingto alinear
controller or initiating a planningoperationthatusesgraphsearctto find asequence
of trajectories.

Mostof thediscussiorof theplannelis concernedavith that“planningoperatior,
a graphsearchthat testssequencesf trajectories,using heuristicsto discretizethe
continuouscontrol vectorassociatedavith eachbounce. The planneris realtime in
the sensethatit completesa plan within onehoppingcycle. The searchalgorithm
is a best-firstsearchthat computespath cost basedon a heuristiccombinationof
enegy consumptiorandestimatedisk. A planis definedto bea sequencef trajec-
torieswith control parametergor the interveningimpacts,followed by an optional
transitionto alinearcontrollerthathopsin placeatthegoal.

Theevaluationof pathgs cheapbecauséheimpacttransitionis computedisinga
closedform modelbasednanidealhoppemwith empiricallydeterminectorrections.
Theterrainmodelis relatively cheapjnvolving intersectiorof adescenparabolaand
a setof connectedine sggments. Therearea few behaior parametershat specify
preferredvelocity andtotal enepy.

The laboratoryexperimentswith the plannerhave focussedon crossingsimple
artificial “terrain” in the laboratory The laboratoryfloor itself is concretecovered
with asphaltile. Configurationsof bricks arestacled on the floor to form stepping
stones,staircasesand walls. “Holes” are simulatedby designatingregionsin the
plannerasunusabldoot placements.

Theemphasi®f the experimentds on stability anddexterity ratherthanspeedr
altitude.Samplerunsareshown in Figurel.9 andFigure1.10.
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1.4 RelatedWork

TheBow Leg Hopperhasmuchin commonwith one-leg hoppersuilt by Matsuoka,
Raibert,PapantoniouBuehler andseveralothers.It hasarigid bodyandacompliant
leg with an angularpositioningaxis andan axis that controlsthrust. The tasksare
to maintainbody stability andtravel acrossrough ground. Raibertstyle threepart
control [Rai86] canbe appliedto this hopperwith only minor modification: the leg

anglecontrolsfoot placementthrustcontrolshoppingheight,andthethird part,pitch

controlwith hip torque,is notrequired.

Thereare several differences. The leg is a flexible bow-shapedspringinstead
of a solenoid[Mat80], telescopingspring [GAB93] [LPK93], or linkage [BD96]
[Pap91l]. Pitchis stabilizedpassvely by designingthe centerof massbelaw the hip.
Mostimportantly the hopperis “mechanicallyprogrammedduringflight to setthe
initial conditionsfor impact. Any control musttake placeonceperhoppingcycle.
High bandwidthcontrolis eliminatedalongwith negative work, andthe controlleris
discretein the sensdahatthe machineachiereswidely separatedtatesbetweereach
controlcycle.

Philosophically our emphasigs on planningeachstepindividually insteadof
controlling a steadystateoscillation[AB97] [HR91]. Ratherthandefiningspecific
gaits,behaiors, andtransitionsbetweernthem, the plannerfinds physicallyfeasible
trajectorieghatsatisfythetaskconstraintsin principle,this planningapproactcould
be appliedto otherhopperdesignsby treatingthe closed-loopcontrol of stanceas
a black box. This low-level control would be modelledby a function predicting
a takeoff trajectoryfrom a landing trajectoryand set of control parameters.The
plannemwould still searclout sequencesf trajectoriesandthe outputwould be low-
level controllerparameters.

A moredetaileddiscussiorof relatedwork maybefoundin Chapter7.

1.5 Discussion

The Bow Leg Hopperideasstemfrom somebroadmechanicaprinciples. The most
fundamentahbrerelatedto enegy: usemechanismshat actively direct enegy be-
tweenavailableforms, pay attentionto eliminatingdissipation,andusenaturalos-
cillatorsto incorporateconserative physics. Theseleadto suggestionsor efficient
control: keepactuatorforcesorthogonato dynamicforces eitherin spaceor in time;
andusemechanicafeedbackvhereser possible In mechanicaterms this meansus-
ing configurablemechanismso control forcesare exertedwhenloadsare minimal
anddynamicforcesaresupportedisingbearingansteadof actuators.

In this thesistheseprinciplesare appliedto a rethinking of one-legggedhopper
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designby exploring themin the form of the Bow Leg. Justbecaus¢he machinehas
adopteda function of a biological systemdoesnt meanit needsto copy the form.
Theresultis developmentof a hoppingrobotusingafibemlassspringasanefficient
locomotionoscillatorandbearingghatdecoupleorquedisturbance$rom the body:.
The designof the body, the control system,andthe terrainplannerare a response
to createmotionsthat take bestadvantageof the Bow Leg. The consisteng and
simplicity of the dynamicsallow for closedform physicsmodelswhich greatlyease
theapplicationof planningmethods.

In a sensedynamiclocomotionis a procesf manipulatingthe ground,andso
mary of themechanisnmandplanningideascouldapplyto manipulatorsThehopper
is anintermittentdynamicsystemthat is abstractlysimilar to juggling, tapping,or
batting.In fact,if theBow Leg weresimply mountedas-isonacornveyor belt, it could
be usedas an impulsive manipulator[Hua97 that would be triggeredby contact
with a part. The directionof the impulsewould be determinedby positioningthe
leg (i.e., arm) beforecontact. Of course the dynamicforceswould be muchlower
andsothe stiffnessesandtrigger thresholdanight needto be rescaled.Someother
programmablenechanismarediscussedn AppendixD.

The ultimate goal of this work is the developmentof fully autonomousunning
machineghat may boundtheir way acrossruggedterrain. The Bow Leg Hopper
movesus closerto this goal: it hasdemonstratethe efficiency andnaturalstability
thatmalkesself-containedunningrobotsfeasible.

1.6 Contributions

| believe this thesismakesa numberof contrilbutions:

e the useof mechanicallyprogrammablgassve mechanisnto exploit natural
systemdynamics;

e developmenibf theBow Leg Hopperinto thefirst runningrobotwith on-board
batterypower;

e theapplicationof planningmethodgo dynamiclocomotion;

e demonstratiorf terraincrossingtasksusingplanning,includinga solutionto
the steppingstoneproblem;

¢ graphicalterrainanalysistechniques;

e developmeniof practicalclosed-formhoppermmodelssuitablefor control.
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1.7

ThesisOutline

Furtherdetailsare presentedn the following Chapters.The documents organized
asa progressiorfrom mechanicabetailsto high level control, but mayalsoberead
asself-containecthapters:

Chapter2 discusseshe mechanicaprinciplesof the Bow Leg andthe design
of themechanism.

Chapter3 discusseshe physicsof the hopperthe developmenpf closed-form
modelsfor control,andthe calibrationprocedures.

Chapterd discusseshe abstracttontrolformulation,somesimplecontrollers,
andgraphicalterrainanalysis.

Chaptel5 discussesgheterrain-crossinglanner
Chapter6 discusseshelaboratoryexperiments.

Chapter7 presentgherelationto previouswork anda concludingdiscussion.

Following the Chaptersareseveralappendicesvith subsidiarydetails.
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Chapter 2

Bow Leg Hopper Design

The Bow Leg Hopperis a new type of hoppingrobotwith a highly resilientleg that
resemblesnarcherybow. Theguidingprincipleis thatthebodyandleg form a nat-
ural spring-mas®scillatorthatcanhopby bouncingoff theground.Thedesigngoal
of the mechanisnis to control the trajectorywhile still allowing this oscillationto
proceedasfreely aspossible. Our solutionis to treatthe hopperasa “programmable
mechanism'with several degreesof freedomthat guidethe trajectoryby determin-
ing theinitial conditionsof the bounce. Thesefreedomsarethe positionof the leg
andtheelasticenepy storedin leg compressionthey arecontrolledduringflight and
determinethe changeof velocity thatoccursduringstance.

Another principle is to createstability through careful location of the natural
forcesandtorques.The applicationto the hopperis the placemenbf thebody mass
belowv a freely pivoting hip. The free pivot allows the leg to swing freely during
stanceto precludeapplyingdisturbanceorquesto the body This meanghe ground
forcealwayspointsalongthe axisof theleg. Placingthehip above thecenterof mass
allows the bodyto “hang” from the hip muchlik e a pendulum sothe naturalforces
during stancecauseiorquesthattendto restorebodyattitudeto a neutralposition.

Much of the motivation for theseprinciplesis efficiency. The leg spring can
load and unloadvery efficiently if no “negative work” is performedby actuators.
Indirectly, shiftingthecontrolforcesto flight meangheactuatorsarelow power, low
force,andlightweight.

This chaptempresenta discussiorof how theseprinciplesaffect eachof the me-
chanicaldesignchoicesembodiedin the hopper The paletteof bow leg ideasin-
cludes:anefficientleg, afreely pivoting hip, storingenegy duringflight, performing
controlactionsduringflight, placingthe centerof massfor passve stability, captur
ing enegy duringimpact,and controlling body torquethroughhip offset. Of these
ideas all exceptthelasttwo areimplementedn our prototype.
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2.1 TheBow Leg

The Bow Leg itself is a combinationof a bow-shapedspringanda string from tip
to tip thatmayhold it in compressionThe operatingprincipleis thatthe springcan
slowly storeenengy by tighteningthe string,quickly storeenegy by applyingalarge
externalforce,andreleasesnegy quickly by releasinghe string. It maybe usedas
aleg or a bumper or even for generalpurposeenegy storage.In locomotion,the
stringtighteningis performedby anactuatorduringflight, the externalforceis from
thegroundduringstanceandtheenegy is quickly releasedluringtakeof.

Theleg needsa pivot at eachendto function correctlyasa compressiorspring.
For ahoppertheroundfoot rolls slightly on thegroundto functionasonepivot, and
abearingatthehipis theother A pivot cannottransmitamomentsothis guarantees
thatleg forcesactalongthe axis of the leg andtransmitno momentaboutthe hip.
The only torqueon the bodyis dueto ary offsetbetweerthe leg axisandthe center
of mass.

Someof the early air table prototypesusedpianowire for the leg material. The
boom-mountedprototype usesa leg constructedof laminationsof unidirectional
fiberglass(all fibersparallel),bondedto arigid foot at the bottomanda ball bear
ing atthetop. The laminationsvary in width to provide a relatively constantforce
and uniformly distribute the strain. The leg is constructedlat, but is pulledinto a
shallov arcby preloadingthe Bow Stringduringassembly This leg is about25 cm
long andweighsabout30 grams.

TheBow Stringis atensionelementhatattachego thefoot andrunsup through
thehip centerline lts chiefpurposes to controltheleg compressiomuringflight. In
thelowestenegy stateit holdstheleg atthepreloadedensionthethrustmechanism
canfurthertensionit to storeenegy in theleg. A future possibilityis to usethestring
to captureimpactenegy (discussedater). The Bow String canalsobe usedasan
attachmentor theleg positioner;this possibilityis discussedn Section2.2.2.

The Bow String becomesslack during stanceas the leg compressesinderthe
groundforce. During takeoff, it snapstight asthe leg extendsto the string length.
This “string collision” imposescompetingrequirement®n the stiffnessof the string
material. The stiffnessmustbe high soenegy isn’t storedin the string stretch;that
enepy is comingfrom theleg andwould be betterput into kinetic enegy. However,
the stiffnessmustnot be so high thatthe shockloadingwill breakit. In the boom-
mountedprototypethe stringis a pieceof 275 Ib-testSpectr&® brandpolyethylene
line. This hasperformedwell in termsof shockloadingandabrasve wearagainst
thepulleys.

During the string collision the leg stopsextendingand the foot is accelerated
from zero velocity during ground contactto takeoff velocity. This is aninelastic
collision; the relative velocity betweenthe body andthe foot goesto zero. Ideally,
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the foot would have zeromassto minimizelost enegy. Thisis balancedhgainstthe
needsfor foot rigidity, sufficient contactareaandroundedshapeto allow pivoting,
groundtraction, and attachmentoints for strings. In the prototypethe foot is a
plasticcylinder with arubbertractionsurface.

Bow Leg Spring Designt

Thedesignof aBow Leg for a particularapplicationdepend®n anumberof factors,
including the elasticenepgy storage the force/deflectiorcharacteristicsthe length,
and the maximumdeflection. Currentimplementationof the leg have beenfab-
ricatedfrom unidirectionalfiberglasscompositesas usedin archerybows, and ex-
hibit specificenegies on the orderof 1000 N-m/kg. A 100 g leg can thus store
aboutl00N-m of elasticenegy, sufficientto lift theweightof theleg approximately
100 metersin earthgravity. If this leg were usedon a hoppingmachinemassing
1 kg total, the elasticenegy of theleg couldlift thewhole machineg(i.e., hop)about
10meters.Similarly a10kg machineshouldbeableto hopaboutl meterhighbased
ontheenepgy storage For maximumenenpy storagetheleg mustbedesignedo have
nearlyconstanbendingstressalongits length;this canbe accomplisheavith a con-
stantmaterialthicknessandawidth thatvariesfrom a maximumatthemid-lengthto
theoreticallyzeroat thetip, with anapproximatelysinusoidalwidth profile. Further
improvementsn performancecanbe obtainedby usinglightweightcorelaminates,
prestressinghe laminations tailoring the stiffnessand elongationcharacteristic®f
individual laminations andothertechniquesvell known in the compositematerials
industry

The force/deflectiorcharacteristicef the leg canbe affectedby the laminating
processand the preloadingof the leg. If the leg is laminatedin a straightshape
(accordingto the thicknessandwidth constraintdescribecabove) the compressie
forceis effectively thatof acolumnin compressionTheforceis nearlyconstantbe-
ing reducedoy only about20%from theinitial straightshapeuntil the springis bent
to a 180 degreecurve. In this design,it behaesnearlyasa constant-forcespring.
If theleg is laminatedto aninitial curvature,the compressie force will be zeroini-
tially andincreasemonotonicallyto maximumat the maximumdeflectiondefined
by the allowablebendingstress.In thelimit, theleg will behae like a conventional
compressiorspringwith afixedspringrate. The force/deflectiorcharacteristicgan
thenbetailoredby meansof theinitial curvatureto getconstanforce,constantate,
or somavherein between.Oneadditionalfactoris the preloadproducedby theten-
sionedBow String; this causesdn initial a discontinuityin the force suchthatthe
appliedcompressie force changedrom zeroto the preloadforce with negligible

1Thanksto BenBrown for thesedesignnotes.
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deflection.

The designsfabricatedthus far have utilized a single, unidirectionalfiberglass
material. However, becausehe bendingstrainvariesfrom zero at the neutralaxis
(roughly the middle planeof the laminate)to maximumat the outerfiber (surface),
usingdifferentlaminatematerialsin differentlayersor prestressingndividual lami-
natesmight produceimprovedenegy storage reducedweightor loweredcost. For
example,a lightweight corelaminate,suchaswood, plasticfoam or a hongszcomb
material,might be usedfor the middle laminationsto reduceweight and costwith-
outgreatlyreducingenengy storage Laminationsof differentstiffnesscouldbe used
(stiffer closerto the neutralaxis) suchthateachlaminateis stressedo its limit, max-
imizing enepgy storage Anothertechniques to prestresgachlayersuchthatamore
beneficialstresdistribution is achieved at the fully loadedstate;for example,lam-
inating the leg beamin a curved shapethenflexing it paststraightandoperatingit
with the curvaturereversedcanproducea morenearlyconstanstressrofile in each
laminatelayer.

2.2 Hopper Design

In thefollowing sectionis adiscussiorof specificdesignissuesandanalysegor each
of the otherhoppercomponents.

2.2.1 Thrust MechanismDesign

Thethrustmechanisms responsibldor controllingtheleg compressiorandis used
to control the hoppingenegy. During flight the Bow Stringis retracteda variable
amountto storea controlledquantity of enegy in leg compression.In our hopper
prototypesall storedeneny is releasedt takeoff, but in principle thethrustmecha-
nismcouldcontrolthe extendedBow Stringlengthfor partialleg extension.

The currentmechanisnis illustratedin Figurel1.8. TheBow Stringis essentially
pinchedbetweenthe upperconstraintandthe lower fixed pulleys by the drive pul-
ley that rotatessidevaysinto the string. This actionincreaseghe length of string
betweenthe idlers; the additionallengthis pulled up from the leg. The releases
self-timed: whenthe leg compresseduring stance the string becomeslackandis
nudgedoff thedrive pulley by the stringreleasespring(madeof plasticshim). The
slackstring allows the leg to extendto full (preloaded)engthandall enegy stored
in it is released.The drive pulley mustrotatebackto the centerpoint to re-engage
the stringandthenmaydrive it the otherdirectionfor the next flight cycle.

Thefull drive pointis at= /2 radians.At this anglethetorqueon themotordrops
to zeroastheforce of the stringis supportedy the drive shaft. This toggling effect
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Figure2.1: Operatiorof thethrustmechanismEachcaseshonvsthework performed
by the mechanismasareaunderthe statetrajectory plottedasleg forcevs. leg com-

pression.Thetop caseis a neutralbouncewith no network. Themiddle caseshows

enegy release;the leg is initially compressedbut releasego the full (preloaded)
length. The bottom caseshaws enepgy storage;during takeoff the leg is clamped
beforeextendingto full length. Theleg potentialfunctionillustratedis an approxi-

mationof thefiberglassleg. Our prototypecanreleaseut not absorbeneny.
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meansthat the full drive positioncanbe held indefinitely For smallerangles,the
hobbysenomotorin useasthethrustmotorexpendsa significantpower holdingthe
pulley underconstantoad.

The advantagef this designare simple constructionandreliable action. The
stringreleasas selftimed sothe only controlrequiredis a selectionof a new thrust
drive angleat the beginning of flight. The disadwantagesarethatpartialwind angles
consumepower to hold the pulley againsthestringforce,andthatdriving the pulley
throughz /2 radiansto re-engagés wastediime.

An analysisusefulfor sizingthe mechanismandthe motorsis presentedn Sec-
tion B.2. A resultreproducedereis theidealaveragemotor power:

g Ay

- (2.1)

Protor = (1 - 62)M

The leg restitutionis ¢, gravity g, hoppermassM, and hoppingaltitude Ay. The
thrustmotor may have moretime to wind during high-altitudeflights, but needsto
addmoreenepy to make up for the higherlosses Sonotonly doesthethrustenegy
increasemonotonicallywith hoppingaltitude,but sodoestherequiredmotor power.

Also partof thethrustmechanisnis a microswitchactuatedy thetautstringthat
is usedto senseahe onsetof stance.The upperstringconstraintis mountedon a stiff
cantileveredfibemglassspringthatpressesgainsta switchat thefreeend. As theleg
impactsthe ground,the string quickly goesslackandthe switchopens.

The prototypeinitially usedathrustmechanisnbasedon aratchet.This hadthe
advantageghatit could hold the compressiorat arny point with no power consump-
tion, and that oncethe thrust motor compressedhe leg it could be bacled off to
the neutralstate: the leg extensionresetthe ratchetdrum, andthe motor could im-
mediatelybegin winding againwith no delay The disadwantagesvereunreliability,
fragility, andkinetic loss. Thethrustpawnl wasnot engineeredufficiently to reliably
disengageandif theleg prematurelyhit the groundthe thrustmotorwould not have
bacledoff completelyandtheratchetdrumwould collide with the motorratherthan
thelimit stop.More fundamentallytheratchetdrumwasacceleratetb high velocity
during stanceonly to collide inelasticallywith thelimit stop. In otherdesignsonly
thelow-massstringneedmove at high speedvhich reducesnternallosses.

A designfeaturemissingfrom both of thesemechanismss controlof thedegree
of leg extension—thdeg alwaysextendsto full lengthandreleasesll storedeneny.
With avariableextensionandpartialenegy releaseenepgy couldbeaccumulatedn
theleg over multiple bouncespr the hoppercould capturethe enegy storedduring
impact. This functionwould be usefulto rapidly reducehoppingheightor to absorb
enepgy ondescendingerrains.
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Front Structural Plate Rear Structural Plate

Thrust Drive Pulley
Thrust Servo Disk

Structural Support

Idler Pulleys

Bow String

Leg Positioning Lever

Bow Leg

Figure2.2: Close-upsideview photograplof anearlyversionof theboom-mounted
prototype.Notethe Bow Stringcomingup from thetoethroughthe positioninglever,
throughtheidler pulleys, behinda support,andacrosghe seno disk adjacento the
drive pulley. Thestringreleasespringis seenedge-orbetweerthethrustseno disk
andtheBow String. The positioninglever waslaterreplacedoy a stringharness.
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2.2.2 Leg Positioner Design

The function of the leg positioneris to control the anglebetweenthe body andthe
leg duringflight. Thisis usedto governthe anglebetweerthe leg andbody veloc-
ity at the momentof impact;togetherwith the storedenepy this angledetermines
the trajectorythe body follows during groundcontactandthe takeoff positionand
velocity.

Sincethe control stringsgo slackduring stance the positioneris automatically
decoupledrom theleg sweep.This hastwo effects. First, the positioneris detached
from ary high groundforcesandneedonly apply forcescommensurateith theleg
inertiato moveit duringflight. However, theleg is alsofreeto sweepduringstance,
soattakeoff theremight be large force asthe stringsbecometight andthe leg jerks
the positionerto the new leg position. The positionermust be designedto move
quickly andpreciselyundersmallloadduringflight, but withstanda potentiallylarge
shocktorqueat eachtakeoff.

The currentdesign(illustratedin Figure 1.2) usesa triangularharnessof two
control stringsthatattachego the endsof a yoke on a hobbysenomotorshaft. The
stringsarejoined above the foot, thenpassthrougha hole in the foot andare con-
nectedto theleg with arubberband. Therubberbandgivesthe harnescompliance
sotheleg canbe movedfarto eitherside of the commandegbosition; at takeoff the
leg extensionstretcheghe rubberbandandthe leg beginsto move backto the set-
point. The trianglearrangemengivesthe positionersomestiffnessat the setpoint:
the restoringforce is fairly constantuntil both stringshave tensionwhenthe leg is
perpendiculato the yoke. Ideally, the two would meetright at the foot (passsepa-
rately throughholesin thefoot), but in practicethe two areknotteda shortdistance
abovethefoot. In generalthe disadantageof the controlharnesslesignis theneed
for two additionalstringsand an elasticelementto be placedalongthe leg at risk
from thesharpterrain.

An earlierdesignusedthe Bow Stringfor positioning,asillustratedin Figure2.2.
A positioningarmwith a spring-loadedorquelimiter extendedfrom the seno and
movedatubewrappedaroundthe Bow Stringabouthalfway down. The Bow String
couldbepulledthroughthetubefor thrust,andthetubemovedsidevaysfor position-
ing. This designhadfewer partsnearthe ground,but wasnot asprecise:the lateral
stiffnessat the commandegositionis zero,sothe leg wasfreeto rattle aroundthe
desiredeg angle.

It is concevablethattheleg couldbemovedby applyingtorquedirectlyto it near
the hip. This would placeall fragile positioningcomponents$n the body, but would
introducea new calibrationproblemsincetheleg anglewould dependntheleg cur-
vature,whichis afunctionof thethrustcompressionSucha mechanisnwould also
needa reliablemethodfor detachingrom theleg during stanceo accommodatéhe
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hip rotationdueto leg swingandcompressionthis decouplingoccursautomatically
with the stringdesigns.

2.2.3 Body Design

The hopperbody providesa structurefor mountingthe motors,power supply thrust
mechanismandarny othercomponenbr payload.In the boom-mountegrototype,
thebodyhouseghe motors,thrustmechanismandballastweight,andis attachedo
aconstraintboom. The batteriesaremountednearthe body on the constraintboom;
thefour NiCd sub-Ccellsaresufficient for about30—-45minutesoperatingtime.

Thedesignissuedor thebodyaremasdistribution, groundclearancerotational
inertia, rigidity, andmaintenanceThe centerof massmustbe placedbelow the hip
for passve stability, but thebodymustnotbesolow it is easilyhit by theground.The
worst casefor vertical clearanceon level groundis a fall from a high altitude with
the leg at the friction limit (far to the side)sincethe leg will compressa greatdeal
andthe geometrybringsthe body closestto the ground. The worst casefor lateral
clearancas climbing a step: sincethe hoppercaneasily climb or fall two to three
timesits own height,crossableobstaclesanbetaller thanthe body. If the bodyis
wide, the hoppercannotapproachhe obstacleclosely beforeascendingandstairs
with shallov treadsareimpossible.

Competingwith theserequirementss adesirethatthebodyhave significantrota-
tional inertiato help passve stability. The pendulumfrequeng of the body hanging
from the hip needdo besignificantlyslowerthanthe slowvesthoppingrate(i.e., high-
estaltitudehopping). The frequeng is loweredby closerplacemenbf the COM to
the hip andincreasedotationalinertia. Along the samelines, the leg is not actu-
ally masslesandsoleg positioningduring flight doesrotatethe body; higherbody
rotationalinertiareduceghedisturbance.

Sothebody shouldbe compact:shortfor COM position,high for groundclear
ance,wide for inertia, but not sowide it will interferewith obstacles.

Rigidity of the body and componentmountingis essentiako precludeenegy
dissipationthroughrelative displacementsndvibrationsduring stance.This could
becomea seriousissueif payloadsareto be carried,sincethey would needto be
internallyrigid andsecurelymountedto the body:.

The prototypebody is a frame constructedf two parallel plateson which the
motorsaremounted.(SeeFigure1.2.) This waseasyto fabricatealthoughreplacing
ary individual componengenerallyrequireda fair amountof disassemblyThe bal-
last consistsof stacksof steelwasherdastenedn the endof adjustablealuminum
barsthatareclampedbetweernthe body plateandthe boommount. The ballastbars
extend out anddown and are necessaryo lower the centerof massbelow the hip
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sincethe body by itself is top heavy. Ideally, batteryand payloadmasswould used
to locatethe COM andballastwould beunnecessary

2.2.4 BoomDesign

The prototypehopperis a “2D” hopperconstrainedo three degreesof freedom.
The constraints a tubular boomthatextendsfrom a universaljoint mountedon the
floor to a pivot at the attachmento the hopperbody. Theboomsenesaskinematic
constraint,positionsensorandgravity compensatorThe universaljoint allows the
hopperto movein “X” and“Z” directionsandthe pivot allows the § body rotation;
thepivot is alignedwith hip axissothe boommassactsasanextra pointmassatthe
hip. Thekinematicsareactuallytwo degreesof freedommoving on the surfaceof a
sphereandrotatingaboutanaxisat a fixed offsetfrom the normal,but areotherwise
treatedasplanarmotion. The two axesin the universaljoint have optical encoders,
andthe pivot in the end hasa potentiometer Theseposition sensorsare usedfor
controlanddatacollection.

The “gravity compensationis performedby a pieceof elasticrubbertubing at-
tachedbetweera pointontheceiling directly overthefirst boomjoint anda pointon
theboomaboutathird of theway out from the base.Thetubingactsasa springthat
supportdoththeboommassandsomebody mass.Thisreducesheeffective gravity
andlowersthehoppingfrequeng; the prototypetypically operatesn aboutl /3 nor-
mal gravity, which increaseshe flight time by a factorof /3. Thisis primarily an
experimentalcorvenienceo facilitateobsenation.

The designissuesfor the boom are toe tangeng, gravity linearity, and boom
stiffness.If theradialcomponenbf thetoevelocityis zerowhenthe hoppertouches
down, the toe can make firm contactwithout scufing sidevays. The boomis de-
signedfor this behaior by placingthe basegjoint at groundlevel sothe verticaltan-
gentto thespherehatthetoetraversess atgroundlevel. Of coursethehopperbody
movesvertically duringstancesothebodywill alwayshave somesidemotionduring
groundcontact.We choseto have the hoppervertical atimpact,sothethetapivot at
the end of the boomis angledrelative to the boomaxisin orderto be level at the
typicalimpactaltitude.

Theeffective gravity onthehoppervariesascos(y /radius) asit movesvertically.
Usingalinearspringasthegravity compensatiospringhelpsflattenthis a bit; asthe
hopperisesandandeffective gravity diminishesthecompensatioforcealsodimin-
ishes. A springwaschosenover a counterweighto avoid inertial effects; however,
the springdoeshave trans\ersevibration modeswhich dissipatesomesmallenepy.
In practice boththeseeffectsareneggligible andthe measuredlight trajectoriedook
like parabolasvith uniform acceleration.

More significantis theeffectof compensatioforceonpassve pitch stability. The
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hopperisn't truly in alow gravity ervironment,it hasa constanforce pulling up on
thepivotasgravity pullsdowvn onthemass.This producesconstantestoringtorque
aroundthe pitch axis. It is smallcomparedo the magnitudeof the torqueproduced
by the groundforce but of muchlongerduration. This significantly enhanceghe
passve pitch stability. Also, the boom pitch pivot is a ball bearingbut doeshave
dampingfriction that also helpsstability. It is yet to be seenhow passve attitude
stabilitywill performin anuntethere®D hoppemwithoutthesecompensatiofforces.
During stancethe leg forceis approximatelyl50N appliedto the bodyfor about
70 msec. The boomdoesvibrate underthis shockload and dissipatessnegy. In
generalhigherboomstiffnessis moreefficientanddesirable.

2.2.5 ElectronicsDesign

The boomprototypeis controlledby a 133 MHz PentiumPC. The interfaceto the
robot consistsof a 2 channelquadraturedecodercardanda multifunction I/O card
with mary analoganddigital inputs,somegeneralpurposedigital outputs,andser-
eraltimercontrolleddigital outputs.Theboomhasa512line opticalencodemounted
on eachof thetwo basgointsto measureXY positionandapotentiometem theend
thatmeasure$dody attitude. Thetimer outputsare usedto generatéwo PWM po-
sition control signalsfor the senomotors. The sensorsare sampledat 200 Hz by a
softwareinterruptandvelocitiesareestimatedisingdigital filters. The seno control
signalis a200Hz positive-goingpulsetrain with widthsbetweer600and2200usec.
The hopperis connectedo the interfacethroughan umbilical cord that runsalong
the floor andout alongthe boom. Electricalpower for the hobbyseno actuatords
providedby batterieson board.Also connectedhroughthis /O interfaceis alap box
with four analogslidersandseseralmomentarycontactswitchesthisis the physical
“userinterface”for operatorcontrol.

The hoppercontrolneedsonly onestateestimationperflight sothe systemgets
away with low-resolutionencoderdy fitting a parabolato 61 samplegaken strad-
dling the peak;this yields peakposition,velocity, andtime at resolutionhigherthan
thesamplingrateor the encoderesolution.

The generalessonsof this designare: useoff-the-shelfinterfacecards;useen-
codersratherthanpotentiometershobbysernos seemto work moresmoothlyatthe
higherthan-normakignalrates.

2.3 Specificationsand Performance

The specificationsfor the boom-mountedorototypeare as follows: leg lengthis
25 cm andthe runningcircle is 1.5 m in radius. The machinemassis about2.5

40



kg, including730g in the hoppermechanisnitself, 200g of batteriesp00g ballast,
1150g-wt of boomweight(measuredt toe, sincethe boompivot supportssomeof
the boomweight). Theleg itself weighsonly 30 g excluding the hip bearing. It is
noteworthy that the hoppermechanisncomprisesonly 30% of the total mass;the
batteries8%; andtheleg 1.2%. A full 60%of themasss in the“deadweight” of the
ballastandboom.

The effective gravity is generallyabout0.35G (3.4 m/s?). Bouncingpassvely,
thehoppeirosesonly about20-30%o0f its enegy eachhop. However, thethrustseno
is sizedalittle too smallto maintainaltitudein full gravity. Themachinehashopped
ashighas50cm;80cmis theoreticallypossiblebasedn leg elasticenegy capacity
with the presentmachinemassandreducedyravity.

The highestrunningspeedhasbeena little higherthana meterper second al-
thoughhigh speedhasnotbeenthefocusof thework. The passve pitch stabilization
effectively dampspitch oscillationsup to about0.5 radiansamplitude;the chief limit
is leg sweeptravel, sinceat steepbody pitch the joint limits arerotateduntil theleg
cannolongerbeplacednearthegroundsurfacenormal,andthehoppetosescontrol.

Enegy consumptionis surprisinglylow: the machineruns for 45 minuteson
a single chage (approximatelys W-hour) of the four sub-Ccell nickel cadmium
batteries.Most of the power is consumedy the thrustmotor. The worstefficiency
comesfrom holding the thrust motor at partial wind; the serno canconsumes W
stayingin place.With full windstheholdingpoweris closeto zero.

The first Bow Leg loggedbetweenapproximately5 and 10 hoursof operation
beforebeginning to delaminate at which point the efficiency decreaseandit was
replaced.The hopperbodyhashadno majormechanicaproblems.

The precisionof the hoppermotionis limited by theinaccuraciesnduncertain-
ties in the flight and stancemodels,and also by the precisionof actuatorcontrol.
The motionis very sensitve to errorsin the leg angleat touchdavn: for example,
a 0.04radianerrorin leg angle(1.0 cm lateralerror in foot position) translateso
a 17 cm errorin lateral position at the next touchdavn, basedon typical hopping
conditions(0.3m hoppingheightand0.2 m/sforward speed).

Somere-engineeringvould likely improve basic performance. If the ballast
weightswere replacedwith batteriesthe hoppingtime would increaseby at least
afactorof threewithout ary othermechanicathangesr increasednass.A lower
massfoot would decreaseollision lossesat touchdavn and liftoff. Otherrefine-
mentscouldincludehigherprecisionsensingof body attitudeandleg position,more
rigid positioningdrives,anda moreprecisepositioningsenao.
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2.4 Early Prototypes

The boom-mountechopperis actually aboutversionsix. For thoseinterestedin
projecthistory, heres a brief review of the earlierversionsall designedandbuilt by
BenBrown.

Thefirstfour hoppersveredesignedo floatonaninclinedair hockey tablewhich
provided a low-friction air bearing. The effective gravity wasabout10%, directed
towardthe“groundsurface; apieceof plywoodrestingon thelow sideof thetable.
Eachhoppemwasconstructean aflat fiberglassdisc,with a Bow Leg madeof piano
wire. Thefirst two were passve testbeds,onejust to seeif the leg would bounce,
and onewith a manuallysetone-shotthrust mechanisma beadon a Bow String,
supporteddy a hook)to seeif theleg compressiornwould relaxthe string. The next
prototypehada leg positionerbut no thrust; the Bow Stringwassimply attachedo
the end of a controlarm mountedon a hobbyseno shaft. The sernvo waswired to
anoff-boardrecever andthe machinecould be remotelycontrolledfor a numberof
bounceauntil it lost too muchenegy. The fourth air table prototypehadan offset
pulley thrustmechanismrmotunlike thefinal versionexceptthetiming wascontrolled
with arelayandtwo switchessoit would fully wind aftereachbounce.

Prototypethreeandfour werebothflown with humanremotecontrolandalinear
controller For thecomputeya coloredrectangulatargetwasattachedo thetop and
the positionwastracked by anoverheadvision system.The controllerwasa simple
proportionalpositionfeedbackhat controlledthe leg angle. The vision systemwas
very noisy and producedpoor orientationestimatesso leg positioningwasnt very
accurate.The systemwasnt engineerednuchbeyond a mamginally stabledemon-
strationof hopping.

Althoughtheseprototypescarriedtheir batterieson board,the seno controlsig-
nalsweresentalongatetherof several 30 gaugewires. With thelow gravity andlow
massof thesemachinesthetetherwasa significantdisturbancdorce,or if placedin
thecorrectplace,stabilizingforce. Overall, therotationaldampingwasvery low and
they weredifficult to control, but they did displayanencouraginglegreeof passve
pitch stability.

A difficulty of the air tablewasthatthe hopperneededo be low-massandlow-
profile in orderto float without excessve out-of-planerotation. The decisionwas
madeto move to a boom,andversionfive wasa testbedfor the new fiberglassleg
thatconsistef aleg mountedonapieceof wood,attachedo theendof ametalpipe
with a simple universaljoint. This motivateddesignof the presentboom-mounted
prototype.Variouscomponentsf versionsix have beenreplacedput thebasicframe
is thesame.

42



2.5 Discussion

Theultimategoalof thisline of researchs thedevelopmenbf fully autonomousun-
ning machineghatcancrossrugged naturalandman-madeerrains.While walking
machinesareboundedoy their kinematiclimits, runningmachinesareboundednly
by dynamiclimits. A high strengthcompositespringcanhave a specificenegy of
100 metersor more,thusa machinehaving 5% of its massin the leg couldtheoret-
ically hop 5 metersvertically or more. Parabolicflight meansthe widestcrossable
holewould be abouttwice thatdistance.

The Bow Leg hasthe efficiency and low power requirementghat make self-
contained electrically-paveredmachinesfeasible. The designtakes advantageof
thedynamicsto separatehe motorforcesfrom theimpacteventby displacingthem
in time, andenableghe hopperto handlehigh mechanicapower without requiring
high controlpower. The high enegy storagecapacityof the leg may permitvertical
andhorizontalhoppingdistanceson the orderof metersallowing mobility on very
ruggedterrain. While the currentresearctfocuseson single-leg machinesthe Bow
Leg is equallyapplicableo multi-leg machinesWe anticipatethatBow Leg hopping
andrunningmachineswill be capableof practicaloperationon realterrains,includ-
ing smallfootholdsspacedrregularly andseparatedby large horizontalandvertical
distances.

Thekey totheBow Leg ideais thefreely pivoting hip. It is literally theideaabout
which everythingelserevolves. It rejectsbody disturbanceaorquesby design,per
forming well enoughto bethe solemechanisnstabilizingbodyattitudein theplanar
prototype. This allows the leg to sweepfreely andthe leg to bendfreely, generally
eliminatingdegreesof freedomthat mustbe controlled. Of courseit wouldn't work
nearlysowell if the leg werent low-massto begin with or didn’t automaticallyde-
couplefrom the actuatorsBut the selectve useof uncontrolledoints in locomoting
machinedeyondsimplepivoting toessuggestshatroboticbalancemaybeasmuch
amechanicatreationasa controlphenomenon.

In all fairnessthereareadvantageso designghatplacethe centerof massabove
the hip, namelythatthe low andwide machinessuffer from alack of payloadspace.
In the uprightdesignthe freely pivoting hip still hasmerit for reducingleg to body
coupling,but anadditionalinvertedpendulunproblemmustbe addressedlhe Bow
Leg itself thoughis still admirablywell-suited: high efficiency, high capacity direct
enegy control,well-definedforcevectors ruggedmaterials andlow massaresuited
to solve the problemsof efficiently sweepingheleg, rapidly changingdirection,and
carryinganenegy supply

The hip designeffectively solvesthe pitch problemfor the prototype. It also
greatly simplifies physicalmodelling and the control of the machinesincethe dy-
namicbehaior is quiterepeatabl@ndpredictable This predictabilitystemsprimar
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ily from the passvity—a mass-springystemis easyto model—hut alsofrom the
efficiengy, sincethe sourceof lossareconcentrate@ndconsistent.

The manageriatomments thatadoptingdifferentconstraintanleadto inter-
estingsolutions. The projectgot startedbecausegherewas an air table and hobby
senos availablewith which to build a hoppingrobot. The constraintsof low mass
andlow power led BenBrown to theideaof the Bow Leg.

Anotherideaexploredis the programmableanechanismit is anideafamiliar to
designerf low-costdeviceslik e answeringmachinesijn which complex camsare
frequentlyuseto multiplex one motor to several tasks,using very small actuators
to guide the stateat decisionpoints. But the samenotion can be appliedto much
moredynamicsystemdik e fast-maing runningrobotsor manipulatorsThegeneral
schemeamightbe similarto somethindik e the Bow Leg: build amechanicabscilla-
tor (body andleg) whosestatecanbe governedat key points(impacts)usingsmall
actuatorqe.g. leg positioner)with forcesorthogonalto the loads,eitherin spaceor
in time. Usemechanicallytriggeredfreedomge.g. thrustpulley) to deliverforcesat
preciseimes. Tensionelementge.g.Bow String)arevery usefulas“inequalities”to
decoupleforces. This is not a formalizationbut rathera suggestiorof how to apply
theseideasin generakoboticspractice.

2.6 FutureWork

The basicfuture work is improvementof the designsoutlinedin this chapter More
preciseleg positioningcould leadto substantiaimprovementsin repeatability A
more powerful thrustmotor could operatecontinuouslyin full gravity. Adding the
hip translationaxiswould allow directcontrolof bodyattitudeandgymnastiamoves.

The mostexciting directionin which future work may move is the development
of unconstrained3D” Bow Leg Hoppers. Somenotesspecificallyrelatedto the
mechanicadesignmay be foundin AppendixC. Conceptuallythe Bow Leg idea
seemdo generalizavell to 3D. The pivoting hip becomes 2-axispivoting hip, the
Bow Leg needsa foot that handles2-axisroll but otherwiseis the same,andthe
thrustmechanisms exactly the same. Many systemproblemssuchas sensingthe
bodypositionandorientationbecomemuchharderandpracticalmachinewill need
someform of local terrainsensing.

The passve pitch stability of the planarprototypeshasbeena striking simpli-
fication over previous legged machines. There are reasongo doubtit will be as
successfuin 3D however becausehefrictional dampingof boompitch bearingwill
be absent.Our closestexamplesarethe air tablemachinesn which the passve sta-
bility wasapparenbut lessreliable. Theclearesstratayy for augmentinghepassve
stabilizationis to introducea translationstagethat positionsthe bodywith respecto
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the hip. This canbe anothemechanicateconfiguratiorthatoccursduringflight for

no enegy cost,but which determineghe lever armfor the groundforce to produce
a controlledtorqueimpulseon the body. This would enableactive controlfor body
torquesn afashionvery similarto the controlof bodyforces.It would alsoprovidea
meandor transferof enegy betweerrotationandtranslationwhich might be useful
for dramaticbodyrotationssuchasareinvolvedin gymnastionotions.

We expectthatlateralvelocity controlwill decomposeeadilyinto two indepen-
dentprocessegnuchlik e the RaibertmachinegRai86]. Controllingyaw, however,
is difficult with a single, small foot that cannotgeneratesubstantiatorques. One
intriguing possibility is the constructionof a machinesymmetricaboutthe vertical
axis. Although animalshave a sagittalplaneand a well-defined“front”, this ma-
chinewould have a symmetrichip andno preferreddirection: it would bouncealong
ary desireddirectionin the world, freely rotating aboutthe vertical, yet changing
courseat will. Practicallyspeakingmary designsdo have a preferredtravel direc-
tion andsomeotherpossibilitiesareasfollows: usingmultiple legs; directtorquing
with ayaw actuatorandoversizedoot; coordinationof eccentricsteppingandthrust
controlto generateyaw impulses;andcreatingstabilizingtorqueswith momentum
wheelsor gyroscopes.

45



Chapter 3

Bow Leg Physics

TheBow Leg Hopperis alocomotingmachinedesignedor predictablebehaior. For
mostpurposesthe continuougime dynamicsof the machinemayberepresentety
adiscreteime dynamicmodelthatpredictstheresultof groundcontactusingclosed-
form functions. This is possiblebecausedhe statetransitionfrom onetrajectoryto
thenext is describedy the passve physicsof the bounce asgovernedby theinitial
conditionssetby the mechanicatontrolfreedoms.

Thefirstidealizedmodelspresentedreintendedo illustratethe hoppermphysics.
Theseform the basisfor empiricalmodelsusedby the plannerfor predictingmotion
and by the controller for interpretingthe continuoustime sensorsand computing
controlfeedback Theessentiaprocessethataremodelledaretheimpactagainsthe
groundandtheflight phase.The machineis designedsotheinternalprocessemay
be largely neglected,e.g. string forces,actuatormotion, and structuraldynamics.
The bulk of the modellingis concernedvith impact. The discretemodelis further
divided into an abstractmodel usedfor planninganda mechanicaimodelusedto
translateplansinto the actualhardwarecontrols.

This chapteris divided into several analyses.First is consideredhe ideal hop-
perwith a movable hip andinstantaneoustance.Next is the impactmodelof the
idealizedhopperwithout movable hip, followed by a practicalmodel of the actual
hopper with discussionof the calibrationprocedure. This discussions generally
independenodf the controllerin use;a specificdiscussiorof controllerstateappears
in Sectior4.1.

3.1 Ideal Hopper Model

This sectionpresent@ananalysisof theimpactphysicsof anidealBow Leg Hopper
Theresultis asetof closed-fornfunctionsthatmaptheimpactvelocity to thetakeoff
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Figure 3.1: Schematiof anidealizedplanarhopper Theleg is a masslesspring
with perfectrestitution. Thefrictionlesship pivot canmove distanceh alonganaxis
during flight and clamprigidly during stance. Body attitudeis #, measuredwvith
respectto the world = axis, andis illustratedwith a positive value. Leg angleis
¢, measurevith respecto the world —y axis, alsoillustratedpositive. Gravity is
assumedo pointin the —y direction. Thecenterof masgpositionis definedby (z, y),
measuredrom the world origin. The hip offset ~ andgroundforce momentarmr
illustratedhave negative values. Not illustratedis &, the enepgy storedin the thrust
mechanismTheimpactis analyzedn theleg frame[ T N].

velocity giventhreemechanicatontrolparameters.

Themodeldiffersfrom theactualprototypeby assuminghatthehopperhasahip
translationcontrol axis andthatthe leg is infinitely stiff. The Bow Leg mechanism
is designedo approximateaninstantaneoubounce sothis idealizationis not just a
illustrative example,it formsthe core of a usablemodel. The actualmachinedoes
have significantstancdime, whichis takenup laterin the practicalanalysis.

3.1.1 Preliminaries

The body of the hopperis arigid structureattachedo a Bow Leg with africtionless
pin joint atthe hip. Theassumptionarethattheleg is masslesshefoot connectgo
thegroundwith apin joint duringstanceandthegroundis rigid. Theleg is assumed
to bestiff enoughthatimpactis instantaneousyhichmeanghebodyorientationand
leg angleremainconstanduringtheinfinitesimallylong stance.

It isassumedhattheleg positionis actuatedluringflight but movesfreely during
theimpact. Thehip is assumedo be mountedon a leadscrev thatpositionsthe hip
alongan axis on the body during flight andlocksrigidly in positionduring stance.
Theleg alsoassumes mechanisnto addenegy oneachbounce.

Thismachinehopslike anelasticbouncingpall. It falls,impacts reversewertical
direction,flies, andfalls again.Kinetic enepy is storedin theleg duringtheimpact
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Figure3.2: The hoppermovesmuchlik e a bouncingball; the hopperleg angle¢ is
analogoudo the groundslope¢ for aball.

andreleasedluringtakeoff.

Unlikeaball, thehopperasaleg. Theleg angleis analogouso thegroundslope
undertheball, andtheangleof restitutionis proportionako theangleof impactwhen
measuredelative to theleg. Thehoppercontrolsits speecanddirectionon eachstep
by positioningthe leg beforetouchdavn. Thetakeoff trajectoryis determinedy the
impactvelocity, theleg position,theenepgy lossfrom leg dissipationandtheenepgy
gainfrom theleg enegy mechanism.

Figure3.lillustratesghecoordinatecorventions andAppendixappendix-symbols
lists all the symbols.The centerof masspositionis describedy thevector[z y ]T
andthe bodyanglewith respecto theworld by 6. Theleg angle¢ is measuredvith
respecto the —y axisin theworld frame. Theanglesd and¢ follow theright hand
rulein theplane.

Theleg is masslessvith a pin joint atthe hip andan effective pin joint wherethe
foot makespoint contactwith the ground.With noinertia, the freebodyequilibrium
dictatesthatthe force appliedto the pin joints mustlie alongthe axis of theleg and
be of equalmagnitudeandoppositedirection. Theforcefrom thegroundto thebody
thereforeis directedalongthe leg axis. Theforce on the bodyis the sumof gravity
andthe leg force. Sincethe hip transmitsno momentthe only body torqueis due
to leg force appliedalonganoffsetfrom the centerof mass,denotedasthe moment
armr.

Theleg coordinateframe| T N] is definedat the point of contactandspecifies
the tangentand normal directionsof the leg at impact. The groundforceis in the
directionN. The springhasrestitutione thatdefinestheratio of impulsereleasedo
impulseabsorbedThevalueof ¢ is assumedo be constant.

Sincethe pivotsat the foot andhip guaranteg¢hattheleg only exertsforcealong
theleg axis,thetangentselocity of thebodyis unchangedh aninstantaneousounce.
With no thrust,the naturalleg dissipationleadsto a changein body velocity thatis
purelyrestitutive:
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Thevelocitiesareexpressedn theleg coordinaterame;the subscripti indicates
“impact” and the subscriptr indicates“rise,” synorymouswith liftoff or takeof.
This equationstateghatthetangentvelocity is unchange@ndthe normalvelocity is
reversedwith amomentunioss. As shavnin thetop of Figure3.5, if therestitutione
equalsl, thenthe angleof restitutionequalsthe angleof impactasmeasuredibout
theleg position.

3.1.2 InstantaneousBounce

The previous sectionsketchesthe generalassumptions.Now is consideredhe in-
stantaneouBoppermouncegiventhethreemechanicatontrolinputs: positionof the
leg atimpact,enegy releaseduring stanceandthe relative positionof the hip and
body centerof mass. The leg positionis treatedimplicitly sinceit determineghe
orientationof the normalandtangentrame.

The position of the hip relative to the centerof masscontrolsthe body torque
impulseproducedoy the groundimpact. Sincethe hip is afree pivot thisis the only
torqueactingonthebody. Moving thehip duringflight is akinematicreconfiguration
of amassleseg thatrequireszeroforce,andthe hip positionrigidly clampsduring
stanceto carrythehigh groundforcespassvely. In this fashionthe hip actuationis a
conserative mechanisnthatinvolvesno lossor negative work.

Thefollowing analysisof the bodytorqueis formulatedasanimpulsive analysis
of two rigid bodiescolliding. The control variablesare the leg angle ¢, the hip
translations, andthethrustenegy &.

The body torqueis the crossproductof the foot vector and the groundforce
(illustratedin Figurel.4):

T=rXxF (3.2)
Thegroundforceliesin thenormaldirection:

F=F,N (3.3)
The hip translationh andthe body torquer are scalarquantities. The moment

armr definesghebodytorque:

= hcos(6 — ¢) (3.4)
T = rF, (3.5)
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Thenormalimpulsel,, resultingfrom thegroundforcedefineghechangen both
translationabndangularvelocities:

mAv, = I, (3.6)
meAé = Ipr (3.7)

Theimpactanalysidgs phrasedik e a Poissonmpactanalysis graphicallyshavn
for the hopperin Figure3.3. In this form the velocity stateof anobjectmovesalong
the“impulseline” in velocity spaceduringtheimpact,accumulatingmpulsel.. until
it reacheshe“compressiorine.” At this pointthe motionchangeglirectionandthe
springreleasesmpulse, continuingel,. further to the final state. The locationand
orientationof theimpulseandcompressiofinesaredeterminedy thekinematicsof
the contact.

The velocity spacess plottedwith the angularaxis scaledby the radiusof gyra-
tion p to make theunitsequal. Theimpulseline in [v, pf ] spacehasthefollowing
slope:

pAé r

= 3.8

A, p (3.8)

Thecompressiommpulsel, defineshe stateat maximumcompression:

1

Upe = Uni+_lc (39)
m

. = wi+——1I (3.10)

mp?

Thecompressiotine is reachedvhenthe normalhip velocity reachegero:

vnc—l-réc =0 (3.11)

§, = - (3.12)
T

Thisrelateshe previoustwo expressiongo find 7.:

; 1
= w4 —, (3.13)
roorm mp
1 ni
I (—— _ %) = (3.14)
rm - mp r



. . 2
I = (W’J“”"Z)( one 2) (3.15)
r —p*=r

2
mp*(Tw; + Vni)
I, = — 3.16
p2 +7’2 ( )

Applying Poissorrestitution:

mp?(rw; + vp;)

L=(0+l=-(1+9— 53 (3.17)
Substitutingthis yieldsthetakeoff velocity:
o (14382 o)
Unp | = | Vni = G (3.18)
Wy w; — (1_*_6);2(7'+12+M

Sincethe altitudedoesnt changeduring stancethe enegy dissipatedn theim-
pactis the changean kinetic enepy:
E4ss = Er — E; (319)

m m
5(%2 + Unp” + pPwr?) — E(Un-? + Upi® + pPwi?)

Which maybe simplifiedwith equation3.18to the following:

mp? (vp; + Tw;)?

Fgiss = (€€ = 1) -
i = ) T )

(3.20)

Thepreviousderiationsolvesthecaseof anidealizedeg with restitutione but no
thrustenegy. However, the hoppermay increasaets kinetic enegy by compressing
the leg using the Bow String during flight, thenreleasingit to full length during
stance. This storesa well-definedenegy ¢ in the leg thatis a function of the leg
compressiomndmay be determinedy measuringheleg potential.

However, the velocity changeandthe dissipationwerederivedfrom a pureresti-
tutive losswithout regardto whatever impulseis producedoy the thrustmechanism.
This may beresohedby assuminghatthe gainandlossprocesseareindependent:
in theinstantof impact,the springdissipate®negy asafunctionof theimpactstate,
andthe thrustprocessproducesan extra impulsethat doeswork on the body. This
assumptions motivatedby the actualhopperin which the springlossis uniform
whetherit is flexedarounda low-enegy stateor a high-enegy state.

With this assumptiontheliftof f statemay be derived by rewriting equation3.18
with anadditionalfictional restitutionterme, thatrepresentshe effect of thrust:
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Vi 7 )
(1+etes)p* (rwi+vni)

Unr = Unz' - p2—|—1“2 (321)
1+e+e)r(rw;+vn;
Wy w; — p%_éﬂz =

This may solved by satisfyingthe following constrainton the kinetic enegy at
liftof f; thenetenegy changds writtenasAFE:

AE = g + Ediss (322)
1 2, 1 5 5 1 P
2mvm + 2mp w,” = 2mvm + 2m,0 w;° + AFE (3.23)

Theinclusionof ¢, may be justified by consideringhatthe solutionrepresented
by equation3.18is alocusof solutionsalongaline in velocity spaceparameterized
by the restitutione. The kinematicsare fixed in an instantaneou$®ounceso the
impulsedirectionsarefixed but the magnitudesiependuponthe restitution. Since
the thrustmechanismmodifiesthe magnitudeof theleg impulse,it will producethe
samelocusof solutions.

The enegy constraintof equation3.23is an ellipsein the samevelocity space,
andthe solutionof the takeoff velocity is the intersectiorof the line andthe ellipse.
This is not presentecgymbolicallybut is illustratedin a velocity spacempulsedia-
gramin Figure3.3.

Storingthrustenenpy in theleg effectively makesit a springwith a variableresti-
tution that may be greaterthan one. This is true becausdhe impactassumesan
instantaneoubounce:in practicethe partsaremoving andthetime historyof theleg
andthrustforcesaffectsthe outcome.But althoughboththe leg potentialandthrust
forcesare unknawn, the fact that the body position doesnt changeduring stance
meanghe relationshipbetweenangularandtranslationabcceleratiordependonly
uponthekinematics.Thisis reflectedn the definitionof theimpulseline: no matter
how far the statemoves,theslopeis fixed.

3.2 Idealized Two-Control Model

The previous sectionanalyzedanidealizedBow Leg Hopperwith a translatinghip.
This sectionpresent@anotherdealizedmodelwith afixedhip. Thisis in preparation
for the empirical model basedon the actualprototypespresentedn the following
section.

In thismodelthebodymasss placedexactly onthehip axis. Theleg forcealways
passeshroughthe centerof massandnotorquesatall areexertedonthebody. This
leadsto a straightforwardreductionof the previousequationswith A andr setto zero
in whichthebodyorientationno longermatters:
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Figure3.4: Cartoonof theplanarBow Leg Hopper Theleg is alightweightfiberglass
springwith highrestitution. The hip is a ball bearingpivot thatexertsminimal body
torque. The thrustactuatorandleg angleactuatorare locatedon the body but not
illustrated. TheBow Stringattacheshethrustactuatoito thetoeandcanberetracted
to compressheleg. Thecenterof masg(notillustrated)is locatedjust below the hip
for naturalpitch stability. The hopperpositionis definedby the body centerof mass
positionandorientation(z, y, §) andtheleg angle¢, whichis measuredvith respect
to theworld -Y axis. Gravity pointsin the-Y direction. Theimpactis analyzedn
theleg frame[T N].

[”t’“] - [_( v ] (3.24)

Unr € + €)Uni
2 mIUniZ
Egiss = (6 - 1) : 9 (325)
1 2 _ 1 2
imvm = imvm + AF (3.26)

The controlsareleg angle¢, appearingasthe orientationof the analysiscoordi-
nateframe,andthrustenegy &, acomponenof AE.

Thesemaybecombinedo find thereducedorm of thegenerakolutionthatwas
presentedraphicallyin Figure3.3:

9.
Upp = \/—f + €2 - vp;2 (3.27)
m

Thetransformfrom the impactvelocity to the leg coordinateframeis a rotation
matrix usingtheleg angle:

[vti] _ [ cos ¢ Sin¢] . [fﬂ] (3.28)

Uni —sing cos¢ Ui
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With basicfalling bodydynamicamaybederivedsomespringlimits. Thevertical

velocity atimpact:
vi = /292y (3.29)

The maximumenenpy storedin the springduringstance:

m, . . 9
Einax = 5(—x sin ¢ + 1/2gAy cos ¢) (3.30)

Theenegy dissipatedy the spring:

Egiss = (€% — 1)%(—:& sin @ + /2gAy cos ¢)? (3.31)

3.3 Empirical Modelling

Modelsareapproximationsreatedvith apurposdan mind. This sectionpresentshe
modelof the physicsusedby the controllerandplanner

The idealizedmodelsaddressedh the previous two sectionsare obviously un-
realistic: no hoppercanbounceoff the groundinstantaneously Neverthelessthe
modelsare closed-formwhich is highly desirablefor planningpurposesThe strat-
egy adoptedwasto considerthe likely waysthe physicalhopperdeviatesfrom the
ideal,measurehedifferencesandform anempiricalmodelthatexplainsthe behar-
ior accurately enoughfor control purposes.The appropriatdevel of accurag was
determinedsubjectvely throughexperimentatiorio judgewhich candidateempirical
modelsoverfit typical dataandwhich left residualerrorattributableto experimental
noise.

Anotherissueis calibration. Themodelsincludebothparameterandcalibration
functions;a few examplesaregravity, leg restitution,andthe function mappingde-
siredthrustenegy to thrustmechanisnangle.On afiner scalearefunctionsto map
seno angleto sernvo commandpulsewidths. A few of theseare corvenientto cali-
bratewith directmeasurementut mostaredeterminedoy fitting parameterbased
on testdata. The datais acquiredfrom the hopperasit performsa special-purpose
calibrationprocedure.

3.3.1 Modelling Physicsfor Planning

The physicalmodeldefinestheworld for the planner;it definesthe availableactions
andtheir results.The planneris treatedn detailin Chapters, andthe moreabstract
definitionof a controllerin Sectiord.1, but thebasicphilosophybehindthe develop-
mentof the modelusedfor planningis asfollows: it needso be accurateenoughto

55



I nstantaneous Impact M odel

N
\ Takeoff
\ Vel ocity
\\g\\%
_T
~
- ~
Impact \
VeIF()Jci ty \,fgﬂoe%g
around
leg axis
N NN N
Before After

Empirical Leg Sweep Mode
Effective
LegAngle

\  Takeoff
LegAngle

Impact
LegAngle

The leg sweeps during
stance; the midpoint is
the effective leg angle.

N N\

Figure3.5: Thetop half illustrateshoppingwith a perfectlyelasticinstantaneousn-

pact. Theangleof restitutionwith respecto theleg angleequalsheangleof impact,
andthe body positiondoesnot changeduring impact. The bottom half illustrates
the empiricalmodelthatassumes finite stancetime. The effective leg angleis the

midpointof the sweeparc.
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producea plausibleplan; modellingerroris toleratedoy useof feedbackcontroldur-
ing plan execution. It shouldbe fastto evaluate,ideally closed-form.lIt is desirable
for it to have acomputablenverseto allow planningpathsbackwards.It is desirable
for it to beabstracenoughto represeninultiple mechanismsotheplannercouldbe
easilygeneralized.

An abstractview of the hopperis asa point particle moving betweendiscrete
pointsin the statespace.Eachpoint represent®neflight trajectoryand eachtran-
sition betweenpoints represent®ne bounce. The transitionmadefrom eachstate
is controlledby theleg angleanda generalizedhrustthatincludesnegative values.
Eachpossibletransitionmay be categorizedas colliding with terrainor not. Each
statedefineslimits on the controls;the leg angleis limited to foot placementgom-
patiblewith theterrainandthe thrustrangesetweematuraldissipation(zerothrust
mechanisrmangle,but negative enegy changeandthe maximumenegy gain.

This particulargeneralizations closelyrelatedto the Bow Leg; it may safely
ignorethebodyorientationanddetailsof thestancebecaus¢éheBow Leg mechanism
is so simplethatthe hardware behaescloseto an abstracimodelin the first place.
Neverthelessthis modelis universalenoughto be usableby ary terrain crossing
hoppingrobotthatdoesnt careaboutincorporatingattitudechangento its plans.

3.3.2 Differencedsrom Idealization

Theinstantaneouanalysisassumeshatthe leg angledoesnt changeduring stance.
If theleg is alignedwith theimpactvelocity, thisassumptioris closeto thetruthsince
thetangentvelocity will becloseto zero.If theleg is notaligned,theleg will sweep:
this meanghebodyforcedirectionchangesiuring stanceandthetakeoff positionis

differentfrom theimpactposition. Anotheralignments with gravity; if thelegis not

vertical, thengravity will acceleratéhebodyaboutthefoot. Both of theseeffectsare
more pronouncedvith longerstanceduration. In general the instantaneousodel
becomedessaccurateasthe hoppertravelsfasteror bouncesigher

Anotherassumptions thattheleg is masslesslin practice theleg inertiameans
the reactiontorquesfrom rotatingthe leg during flight will counterrotatethe body.
Inertiaalsoleadsto enegy lossesduring impactdueto the inelasticfoot collision.
And the leg lengthis not generallyconstantfrom impactto takeoff sincethe thrust
mechanisnshortengheleg anamountproportionatto theenepgy stored.Thismeans
thehoppemakesgroundcontactatalower potentialenegy statethanwhenit breaks
contact.

Generallysolving for theseeffectsrequiressolutionof the equationsof motion
during stance Sincethe leg potentialis a non-linearfunctionthatmustbe measured
from the hardware,thiswould leadto a solutionbasedn numericalintegrationfrom
the impactconditions. With certainleg potentialfunctionsthis may be addressable
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analytically [SK95] [SK97], but for this projectthe pragmaticneedfor a efficient
modelled to theapproximationsketchedn thefollowing paragraphs.

Leg Sweep

The leg sweepdsyweep IS the anglesweptby the leg during stance.Sincethe foot is
stationarythis representbody motion. Typically the hopperstanceime is shortand
themotionduringstancas relatvely symmetric.Themodelassumethattheintegral
of the stancdorcesovertime is symmetricaboutthe midpointof the sweeparc. The
midpointof the sweeparcis approximatelythe “effective leg angle” gegective, Which
is theleg anglefor theidealizedmodelthatproduceghe samechangean velocity.

In generaltheleg sweepangleis a function of the stateanddepend®n the tan-
gentialvelocity andthestancdime. In practice thestancdimeis relatively constant.
Experimentatiorwith a variety of formsled to the simpleapproximatiorof a sweep
angleasa constanimultiplied by thetangentialelocity:

¢sweep = ksweep 7} (332)
¢r = ¢Z + ¢sweep
¢eﬁ"ective = ¢z +1 / 2- ¢sweep

If theeffective leg angleg.geciive iS Usedasthevaluefor ¢ in theidealmodel,the
resultis goodenoughto be a useful predictorof takeoff velocity within the typical
Bow Leg operatinglimits. The takeoff positionis computedusing the takeoff leg
angle¢, andthelocationof thefoot contact.

Thrust Calibration

The leg anglemodelin the previous sectionapproximateshe dynamicsof stance.
Thethrustmodelis concernedvith calibratingthrustmechanismapproximatinghe
relationshipbetweenthe thrust motor angle and the enegy storedin the leg. In
practicethe enepgy dissipatedoy the leg wasobsenedto follow theideal restitution
modelclosely sono approximatiorwasrequired.

Theenepy storedin theleg is afunctionof thrustmotorangleandis independent
of theimpactstate. Thefollowing approximationincludeshekinematicsof thethrust
mechanismleg potential,andary lossedn transferto kinetic enegy:

£ = prue + paue’ (3.33)

Thetwo termsinvolving thethrustmotorangleu, form aquadrati@approximation
of theenepy storedin theleg. In practiceenegy is representedh unitsof “velocity-
squared’sothatthe machinemasss eliminatedfrom all calculations.
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Flight Model

The flight model computeshe trajectoryresultingfrom a position and velocity at
takeoff. Themodelassumesonstangravity anda constantateralfriction force;the
effective gravity producedby the constraintboomandgravity compensatiorspring
variesslightly with altitude, but the effect is negligible. The measurabldut low
horizontaldecelerations presumablydueto bearingfriction andtetherdrag.

The impact occurswhen the foot touchesthe ground. Given the position and
velocity of thehopperattheflight apex< [z y ], theleglengthl, theleg angle¢,
andthe altitude of the groundunderthe foot y,,q, the following finds the stateat
impact:

Yi = Ygua+lcos¢ (3.34)
tan = /2(yi —v)/9g

T, = T+ Tty + 1/2 : filattfall2

T; = T+ Ziagltan

Y = glan

The effective gravity is g andthe lateralforce is modeledby the acceleration
constantiy.
At takeoff, thehopperrisesfrom theliftof f state[z, vy, %, ] tothenext ape:

te = —U/g (3.35)
T = X+ ety 4+ 1/2 - Biat,
= yT+yTtr+1/2'gtr2

T = Ty + Tiatty

3.3.3 Calibration Procedure

Most of the model coeficients and physical parametersre determinedby fitting
themodelpredictionsto obsereddatagatheredvhile the hopperbouncedbackand
forth in aspecialtestprocedureThefitting is brokendown into aprogressiorof low-
dimensionaleast-squaresptimizationsusingPawvell’s Method. Part of thework of
developingthe calibrationwasinvolvedwith identifying a sequencevith no forward
dependencies.

The samesensorsand actuatorghat are usedfor control are usedto build the
model. In fact, someof the leg calibrationthat might be measurednanifestlyis
insteadcalibratedoy measuringhe effect on the velocity prediction.

59



Exploration

The explorationproceduras typically run for about400 bouncesover level ground.
The purposes to samplethe statespaceandthe controlspaceoverthefull operating
domain. Thethrustprogressiely advanceshroughfour discretevaluesintermixed
with zerothrust. This allows the hopperto reachdifferentaltitude equilibria, mea-
suringboththe passve bounceperformancendthe thrustperformance.

While thehoppers cycling throughaltitudes,it is hoppingbackandforth across
a point on the ground. At eachdirection switch, it choosesa randomvelocity; it
may movesone or several bouncesn eachdirection. On eachbouncethe hopper
computesleg angleusingnormallinearvelocity feedbackout discretizeghe output.
Leg anglesnearzeroare clampedto zeroto increasehe numberof samplesusable
for estimatingeg restitution.

The datacollectedinclude the normal sensorreadings the control outputsand
trajectorydata. The sensoreadingdncludethe stateandtime at the trajectorypeak
andbodyattitudebeforeimpact. Thetrajectoryis the positionandvelocity recorded
ateverytick duringflight.

Fitting

Theflight parametersreestimatedirst. A quadratids fit to eachtrajectoryto esti-
matethe time andaltitude of the peakandthe verticalacceleration.This is usedto
cull potentiallyerroneousdrajectoriesdy checkingthe individual gravity parameters
againstthe distribution, andthefitted peaktime with thatrecordedoy the controller
This culling removestrajectorieghatwerenotfreeflight, i.e., the starttrajectoryand
collisions.

After culling, the gravity parameters estimatedy a globalminimizationof po-
sitionerroroverall valid flights. Thereferencgparabolas computedusingthe newly
estimatedpeaktime andposition. After finding the verticalaccelerationa similar fit
computeghe (typically small) lateralflight accelerations.

The thrust mechanismis calibratednext. Estimatingrestitutionand thrustin-
volvescomparingheenegy of successietrajectorieshencet depend®nthenewly
fitted flight model. Therestitutionis estimatedirst by consideringall bounceswith
nothrustandzeroleg angle.Sincethe positiondatais moreprecisethanthevelocity
estimatepnly casewith zeroleg angle(hencenonominalchangen lateralvelocity)
areincluded:the enepy restitutionfor thesecasess thefollowing ratio:

€ = (Ynp1 — 1)/ (yn — 1) (3.36)

Thevaluesy,, andy,; arethe peaksof successie bounces.The estimatecenegy
restitutionis the averageof the€? values.
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Parameter€Computedrom Training Set98-02-21
Parameter Value Definition
g —2.43 m/sec? | effective gravity
€ 0.82 restitution
€ 0.68 enegy restitution
ksweep 0.16 sweepanglecoeficient
P1 0.45 & vs. thrustangle linearterm
D2 —0.07 ¢ vs. thrustangle,quadratiderm
Error Statisticson Training Set98-02-21
Statistic Value Definition
O 8 mm std. dev. of x error
oy 7 mm std.dev. of y error
o 17 mm/sec | std.dev. of & error
N 442 samplesn trainingset

Table3.1: Model ParameterandFitting Statistics

Next the quadraticthrust calibrationcurve is estimatedusing the newly fit leg
restitution. Again only caseswith zeroleg angleareconsidered.The predicteden-
ergy is asfollows:

Enp1 = mg((Ynp1 — 1) — € (yn — 1)) (3.37)

Theerroris the differencebetweenk,,, ; andthe predictionof the quadraticmodel,
andthe modelparametersretunedto minimize the sumof squarecerrors. A final
stepis to computethe rangeof permissiblethrustenegiesby evaluatingthe thrust
positionlimits in the model.

Having generateé modelto computeactualthrustenegy from thethrustcontrol
value,theimpactmodelmay befit. It is actuallyperformedtwice, onceto estimate
outliersandcull them,andagainto retuneparameterdasedon the remainingdata.
This fitting computeghe two remainingparametersa leg angleoffset andthe leg
sweepcoeficient. Theleg offsetis nominally setby directly measuringhe position
of theleg for variouscontrolinputswhencalibratingthe hardware,but anadditional
tuningfreedomis allowedsotheorigin of theleg positionis estimatedrom theeffect
onthemotion.

A samplesetof parameteraluesandstatisticss shavn in Table3.1. Theerrors
listed aretheresidual;i.e., the distribution of the differencesbetweenthe predicted
andactualtrajectoryparametersnthe samedatasetwith whichthemodelwasfitted.
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3.3.4 Terrain Model

The“terrain” usedin the experimentsconsistedf flat concretdloor with brickslaid
out asfootholdsor obstacles.This projectdid not addresshe problemof sensing
terrain;in all casegheterrainwasdesignedn advance compiledinto the controller
andthenthepiecedaid out onthefloor. Holeslowerthanfloor level werenot phys-
ically practicalbut were simulatedby labelling particularfloor regions as“invalid
footholds:

The chief function of the terrainmodelis to computethe groundcontactgiven
a flight stateandimpactleg angle. The terrainis modelledas connectedine seg-
ments,eachlabelledwith a friction coeficient. Horizontal sgmentsare deemed
“safefootholds’

3.4 Discussion

Thosereadergatientenoughto readall the way throughSection3.3 may well be
wondering:“why all the fussover a few quadraticfudgefactors?” Therearea few
answers:oneis thatthe empiricalmodelswere considerablymoreelaborateuntil it
becameapparenthatthe performanceof the simplestmodelswasjust asgood. But
therearetwo particularlessondere.

Thefirstis thatthe Bow Leg Hopperhassuchsimpledynamicbehaior thatthe
idealizedmodelis almostgood enoughfor planning. This is especiallytrue if the
hopperis picking its way slowly amidstobstaclesin which casethe lateralvelocity
is low andtheleg sweephaslittle effect.

The secondis that the hopperhasenoughsensomoiseand actuationerror that
theresidualmaskshe subtlemodelerror Thisis a caseof makingit “good enougH,
albeitthe standardvasdefinedby errordesigned-irelsevhere.Certainlyimproving
the stateestimationand makingthe leg positionermore consistenwould put more
pressurenthemodelling.

In thefuture,thecontrolmodelneedgo includethe changeof pitch velocity dur-
ing stance.This might be controlledmechanicallyby implementinga hip translation
axis. This would put the analysisof Section3.1 fully to work andintroduceaddi-
tional calibrationneeds.At the minimum the radiusof gyrationandthe translation
seno calibrationwould needto be measured And sincethis mechanisnwould in-
volve potentiallylarge bodytorquesthe changeof bodyattitudeduring stancenight
differ substantiallyfrom theideal case.

Anothermechanicatievelopmentcould be aleg equippedo captureimpacten-
ergy by clampingthe Bow String beforethe leg reachedull length. This involves
only a modestchangein modellingsincethe forceswill still lie alongthe leg axis.
Thebig differenceswill berepresentinggsymmetryin the stancetime andtaking off

with lower potentialenegy.
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Chapter 4

Hopper Control

The Bow Leg Hopperis a naturalhoppingoscillator Its efficiency stemsfrom the
useof springsand bearingsto conseratively carry the forcesof locomotion. For
the samereasonit is discretelycontrolledby configuringthe leg mechanisnduring
flight. Thisis primarily motivatedby a desirefor high efficiency andsmallactuators,
but a side benefitis that the controller needonly computeone set of controlsper
bounce.By the sametoken, the controllermayonly apply one control per bounce,
sodisturbanceshat occurafter sensingor during the bouncemay only be rejected
on successie impacts.If thegroundcrumblesbeneaththefoot, the hoppercanonly
helplesslywait until it is in theair again.

Every possiblecontrollerfor the planarhoppertakesthe form of a functionmap-
ping threetrajectory parameterd¢o two control outputsonce every hoppingcycle.
The simplestcontrollersarelinear feedbackulesnot unlike Raibertthreepart con-
trol [Rai86]. Theseonly work on level ground;the planningcontrollerfor crossing
“terrain” usesa combinationof graph-searciplanningand feedbackcontrol. The
plannersearchedo find sequencesf foot placementcompatiblewith the terrain
andthe physics. Feedbackcontrolis computedonceper bounceto rejectlocal er
rors; whenthe planis exhauster accumulateerrorbecomedoo great,anew plan
is generated.

This chapterdefineghe controlproblemimplied by thismechanismpresentshe
linear controllersanddetailsof the real-timecontrolimplementationandgraphical
methodsfor derving statespaceconstraintsfrom terrain constraints. The planner
is presentedn Chapter5. The discussions limited to the caseof a planarhopper
althoughmuchof theagumentalsoappliesto future 3D hoppers.

Thefirst sectiondefinesthe relationshipbetweerthe degreesof freedomandthe
relevantcontrolfreedomsan orderto justify the controlmodel.
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4.1 Controller Formulation

The Bow Leg mechanicatesignpermitsonly onecontrolcycle perbounceandthis
definesthe propertiesof the controller The controllerfunction takesthe following
form:

¢n+1

fn-}-l

In this functionthevariables(¢, 1, ,.1) aretheleg angleandstoredieg enegy
atimpactand[z, v, i,]|defineghetrajectoryprecedingheimpact. This func-
tion summarizeshe controlandcompriseghe physicalmodelusedfor feedforward,
terraingeometricconstraintsthetaskbeingperformedanderrorfeedback.Thedis-
creteform canbejustifiedby examiningthe effect of eachactuatorandthe definition
of state.

Theleg senomotordeterminesheangleof theleg prior to impact. During flight,
theleg carriesno load and canbe positionedquickly. This motion only slightly af-
fectsbody pitch sincethe leg massis approximatelyl% of the body mass.During
stancetheleg positioningmotoris physicallydecoupledrom theleg. It is concev-
ablethe leg seno could be repositionedduring stancein orderto exert horizontal
groundforcesasthe Bow String regainstensionat liftof f, but this analysisneglects
this possibility. Thustheleg motioncanbe entirelydescribedas¢,,, theleg anglein
world coordinatesitimpactn.

Thethrustmotordeterminesheenegy storedin leg tensionprior to impact. The
leg alwaysbeginsflight atits lowestenegy state.During flight, the motor performs
positive work ontheleg spring.lIt is concevableit mightbeimmediatelyreversedo
dissipatesomestoredenegy but the network during flight is alwaysnon-ngatie.
During stance the thrustmotor becomeghysically decoupledrom the leg asthe
now-slackstringis releasedTheleg thenextendsto full length,andall storedenepgy
is releasedThethrustcanbeentirelydescribedas¢, anon-ngative potentialenegy
addedto the kinetic enegy. As describedn Section3.1.2,the sumof thrusté and
dissipationEy; is the netenegy changeAFE. Therangeof AE availableto the
controllerincludesnegative valuesand may even be entirely negative in stateswith
high dissipation.

Thefull physicalstatenominally hastendimensionsthreebody DOF, two actu-
atorDOF, andthecorrespondingelocities.We make severalassumptionso definea
trajectoryusingonly threedimensionsFirst, we mayneglectpitch andpitch velocity
sincethe body is designedo passvely stabilizeorientationandrotateslike a slow
pendulum. This axis is decoupledrom the othercoordinatessincebody rotations
only slightly affect the directionof leg forces,andthe leg positionis independently
definedin world coordinates.Secondthe actuatorshave insignificantdynamicson

= f(mna Yn, xn) (41)
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thetime scaleof the hoppingcycle andmay betreatedsimply asoutputs.

The hopper may thus be treated as a point particle with four state vari-
ables[z y % ¢]. However, we assumehat all constraintsare time-invariant
andthusonly the geometryof the trajectorymatters. Sincethe free flight physics
is known, eachtrajectory can be describedby only three parameterswe usethe
vector|z, vy, %] which specifiesthe positionand velocity at the apex of the
trajectory

Notethattheleg andthrustvaluesareafunctionof time duringflight (¢(%), £(¢)),
but only thefinal values(¢,, &,) affecttheimpact. Theabstractontrolproblemmay
bedescribedvith discretefunctionsbut theimplementatiordoesrequirecontrolover
time. Theabstractontrolvaluescloselycorrespondo themechanicafreedomsthe
storedenegy is a monotonicfunction of the thrustseno angle,andtheleg angle¢
is thesumof thebodyattituded andtheleg seno angle.

Thelow power of themotorsdoesimposetiming constraints Theminimumtime
requiredto storeleg enegy depend®n the magnitudeof £ andthe maximummotor
power. In practice theentireflight timeis requiredto storealargeimpulse,soenegy
storagdor impactn musttypically begin immediatelyaftertakeoff n — 1; thisenegy
will affectthetrajectoryfollowing impactn. In contrasttheleg seno cantypically
positiontheleg shortly beforeimpactsinceit is moving anunloadedow-masdeg.

4.2 Linear Controller

The simplestcontrollersof this form are linear feedbackrules. For example,the
linear positioncontrollertakesthe following form:

Ge = 3°—2gy (4.2)
;1.7 = kxdx(.’f—.’l‘))

¢ = kxapni(Z — )
5 = kthrust (Qte - Qte)

Thevector[z y 1] specifieghe apec of the currenttrajectory Thefirst line
computesthe total enegy ¢ in units of velocity-squaredi.e, the 1/2M termis
factoredout). The secondline is a proportionalgain to choosethe desiredlateral
velocity z asa function of positionerror Thelasttwo linesimplementindependent
proportionalfeedbackthat computeghe leg angleandthrustenegy to regulatethe
velocity andtotal enegy to the desiredvalues. This leg anglemustbe translatedo
body coordinatesboth controlsarethentranslatedo motoranglesusingcalibration
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functions. The velocity-squareanegy unit is usedfor all enegy values(including
&) sothe machinemassdoesnt needto be explicitly known (it is implicitly partof
thethrustcalibration).

Thelinearcontrolis relatedto the Raibertthreepart control[Rai86]: the touch-
down leg angleis similarto foot placemenandtheleg retractionatimpactanalogous
to thrustduring stance.The leg anglecontrolsforward speedmuchlik e the Raibert
model,andthethrustcontrolstotalenegy, roughlyequialentto hoppingheight. The
“third part, bodyattitude,is passvely controlledsothereis no counterparhere.So
althoughthecontrolleris discretein time andexertsno actuatorforcesduringstance,
the physicsof legsleadsto similar controlrelationships.

Thisis avery simplecontrollerbut is sufficientfor holdinga positionor hopping
at constantvelocity (by skipping the secondline of equation4.2). Next is exam-
inedthe detailsof puttingthis controllerin operation.The moreelaborateplanning
controlleris presentedn Chapters.

4.3 Real-timeImplementation

Thehoppercontrolmaybediscretan time but themotionis continuous.This section
documentghe detailsof connectinghe abstractontrolto the actualmechanism.

The real time componenbf the hoppercontrol readsthe sensorsgstimateshe
state;continuouslyissuesseno positioncommandsmanages statemachinerepre-
sentingascentdescentandstance;andscheduleshe control computations At the
lowestlevel, the hobbysenosuseinternalpositionfeedbacko move to commanded
positionsencodedas PWM (pulse-width-modulateddignalsfrom the control com-
puter

4.3.1 StateMachine

Schedulings controlledby a statemachinethat cyclesthoughfour phasesascent,
descentpre-impact,andstance.At liftof f, the onsetof the ascentphasethe thrust
commandfor the following impactis translatedo a thrustmotor angleand sentto

theseno. Shortlyafterthe ape is the onsetof the descenphaseatwhich pointthe

trajectorystateis estimatedoy fitting parabolago theraw x andy sensomdata. The

discretecontrolis thencomputedwhichincludescalculatingerrorestimatesadjust-
ing the plan, and possiblyinitiating replanning. During descentthe statemachine
continuouslyupdateghe leg seno angleusingthe the commandedeg positionand
thebodyattitudeestimate At the pre-impacialtitude,theleg positionis frozento al-

low settling. During stancethe motionevolvesaccordingo the spring-masghysics
of themachine.

66



The statemachineupdaterateis 200Hz. On eachcycle the sensordor (z, y, 6)
positionandthe string tensionswitch areread. Theraw positionmeasurementare
filtered to estimatepositionandvelocity, andthe filtered valuesare usedto trigger
statemachinetransitions.

4.3.2 SensorProcessing

Discretecontrol only needsdiscretesensing. For the hopper sensingtakes place
on two time scales;a high-quality stateestimationfor the discretecontrolleris per
formedonceduringflight, anda continuousstateestimationis generatedor thereal
time system.The high-qualityestimateas generatedby fitting quadratigpolynomials
to the 61 samplepoints centeredon the apex of the trajectory andthe continuous
estimatesarecomputedvith a simpleestimatorusingEulerintegration.

The continuousestimatorcomputesbody state(position and velocity) by inde-
pendentlyprocessingamplediatafrom thex, y, andf positionsensorgFigure3.4).
The (z, i) estimatortakesthefollowing form:

Ti = Zrawi — Ti-1 (4.3)
X = T+ (ii_l + kl.f?i) - At
T; = Zi—1 + koZy - At

Thevariablez,,,; is the latestpositionsensowaluescaledinto realworld units;
(x;,2;) is the new stateestimate,z; is the computedposition error, and At is the
tick interval (5 msec).Thegains(k1, k2) arehand-tunedtypical valuesfor thez and
y estimatorsare (40, 400).

Theestimatoifor bodyorientationandangularvelocity (6, 9) hasthesameform.
Theestimatoffor (y, y) is similarbut hasonedifferencethevelocity updatancludes
afeedforwardacceleratiorij.; to modeltheeffect of stanceorces:

Ui = Yie1 + (Yest + K2Ti) - At (4.4)

In practicethe feedforward term was chosento be zero exceptduring stance(de-
spitegravity). During stanceit took a positive value (typically around20) thatwas
hand-tunedo minimize the errorin the i estimationafter stance asjudgedby the
y estimatorerrorduringascent.

Theencodersisedonthez andy axesareinexpensve 512line opticalencoders
thataredecodedo 2048 positionvalues.The hoppingcircleis 9.29m in circumfer
ence,sothex encoderesolutionis approximatelyd.5 mm of lateraltravel. At very
low speedshis granularitydoesleadto a slight coggingin thesensodata. Thebody
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rotationaxisusesa potentiometefor historicalreasonsthe analognoiseis a source
of errorandrequiredower filter gains(e.g. (20, 100)) for smoothing.This causes.
noticeabldag, which canleadto leg positioningerror.

Eachquadraticfit is computedusinga fitting matrix multiplied by the vectorof
61 sensoreadingsr,., to find polynomialcoeficients:

[.’L’O T To ]T = A . fraw (45)
[yO Y1 Y2 ]T =A- graw

Thefitting matrix A is a constanmatrix generateaff-line with a singularvalue
decompositiorand compiledinto the controller The ideais thatan approximation
to a function may be generatedt a discretenumberof pointsby multiplying basis
functionssampledn time by a setof coeficients. The basisfunctionsaretheterms
of aquadraticevaluatedat thetimesof interest:

B:“ ! tQ] (4.6)

The matrix B hasasmary rows astime samplesijn this case 61 rows generated
with valuesof ¢ rangingfrom [ —30A¢  30At |. Sincethesamplingntervalis 5 msec
this represent800 msecof flight time. Runningin higher effective gravity would
requirea smallersampleength.

Thefitting matrix canbe computedoy consideringherelationbetweerthefitted
coeficientsz,, andtheraw sensodata:

To
Traw = B | 11 4.7)
Z2
Thepreviousequatiormaybe solvedfor the coeficientsusingthe SVD to gener
atea pseudoinerseof the basismatrix; this pseudoinersecalled A hasthe property
that multiplication by discretelysampleddatacomputesa least-squarestimateof
thecoeficients.

(U,%,V) = SVD(B) (4.8)
A =V-q/)".Ut

Theterm1/Y representasquaramatrixin which eachelemenof thediagonalis
thereciprocalof thecorrespondingliagonalelemenof ¥ if thatelemenis non-zero;
zerovaluesremainzero.
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In operationtheroughtime of theapex is foundby observinghe signchangeof
vertical velocity computedoy they estimator After 30 moresamplesarecollected,
the coeficientsarecomputedandthe precisionestimateof the stateis formed:

ty = —v1/(2y2) (4.9)
T = Ty Tty + 1oty

= Yo+ Yity + Yoty
r = T+ 2.’11‘2tp

Sincethe basisfunction matrix was generatedvith symmetrictime values,the
ape timet, is relative to the centerof thefilter data. The actualtime of the peakis
asfollows:

toea = tp + (t — 30A) (4.10)

In this expressiont is thetime whenthefit is performedj.e., thetime of thelast
of the61 samples.

4.3.3 Control Output

The controllercomputesvaluesfor thrustenegy andleg anglethat mustbe trans-
latedinto sennomotorcommands.The desiredleg angle ¢, measuredvith respect
to the vertical, is transformedtio an anglein body coordinatesus using the body
orientationd andestimatedrelocity 6:

ug=¢—0—b,-0 (4.11)

The seno commandangleu, is thenlinearly scaledusing measuredcaleand
offsetto aseno PWM commandvalue. The desiredthrusté is specifiedin termsof
enepgy andis transformedo a seno valuewu, usingthe inverseof the thrustmodel
presentedn Section3.3.2.

The two motorsare hobby senos that performposition control internally when
supplieda PWM position commandsignal. The PWM is generatedvith a timer
chip configuredasa positive goingone-shothatis softwaretriggeredon the 200Hz
sensorsamplingcycle. The seno commandcanrangebetween600and2200 usec
beforehitting internallimit stops;the timer circuit resolutionis 0.5 usec. The seno
only suppliesmotor currentwhengivena commandpulse;whenthe hoppergoesto
sleepthe pulsesare no longersentandthe motorsbecomebackdrivable. Different
commandateswereevaluatedpur operatingateof 200Hzhasnoticeablysmoother
motionthanthetypical 20—50Hz.
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4.3.4 Other Real Time Issues

A considerableeffort was spentensuringthat the 200 Hz control cycle operatesn

hard real-time. The controller runs underthe QNX operatingsystem,a POSIX-
compliantreal-timeUNIX variantfor standard®C hardware. The controllerrunsas
aseparatgprocesodn atimerinterruptandonly interactswith 1/O cardsandmemory
buffersto avoid filesystemandgraphicsdelays.A separat@rocessctsasaFIFO for

buffering real-timedehugginginformationandwriting log files. The userinterface
is a third processthat allows modification of most of the controller stateusing a
semaphore-controllesharednemory;the userseesa completereadoutf controller
stateandan animationof the motion and may interactvely modify gainsandissue
commandsNotethatthis effort wasnecessaryo ensureaconsistensensosampling
intenval; the discretecontrol that only runsonceduring flight hasconsiderableeal-
time latitude.

4.4 State SpaceDiagrams

Therestof thischaptediscussegraphicaimethoddor analyzinghoppelitrajectories.
Thisis somethingof a shift from the previous subjectbut hasthisin common:thisis
a continuationof exploring how physicsmotivatesa controlapproach.in this case,
thediscretecontrolmodelis well suitedto diagrammati@analysis.The new element
is consideratiorof terraingeometry:.geometriaepresentationsf statecannaturally
includeterrainconstraints.

For the following few sectionsthe hopperis assumedo be anidealizedhopper
with aninstantaneoubounceandperfectefficiencgy. For clarity it is assumedhatat
groundcontactthe hopperbodyis alwaysdistancd above the ground;normallythat
altitudeis [ cos ¢. The perfectefficiency is anidealizationof constanttotal enegy
hopping, with the graphicaladwantagethat the hopperstateis reducedto just two
dimensions. The differentdiagramschoosedifferent coordinatepairs to illustrate
varioussituations put the constraintis alwaysasfollows:

1/2-mi? —mgy=E (4.12)

In practice,mostof the thrustenengy is usedto make up for leg lossesandthe
dynamicrangeof the thrustmechanismis small comparedo the combinedkinetic
andpotentialenegy (the“total enegy”). Thismeanghehoppemeeddo accumulate
enegy overtimeto climb slopesandcrosshigh obstaclesBut for shorttermanalysis,
constantotal enegy is areasonabléocal policy andeasyto implement.

70



Elliptical Locus of

v Trajectory Apexes
y. = nTEg _I_ e 77 ————— Energy Bound
L Maximum Range
Y Y1) | |/ Trajectory
| |
Y——F—— il —/— - :
| “Example |
| Trajectories \ Landing |
: Position :
| |
| |
| r— X
| |
| 2(Yor ¥1) |

Figure4.1: Theelliptical curve is thelocusof apeesof trajectorieghatland at the
specifiedpoint; alsothe locusof trajectoriegeachedakingoff from the givenpoint.

4.4.1 Umbrella Diagrams

An “umbrelladiagram”is anillustration of a setof hoppertrajectorieglottedasthe
(z,y) locationsof the apexes. They areusefulas pictorial representationdyut are
ambiguoussinceeachpointrepresents parabolicpathbut notthedirectiontravelled
along the path. The implicit constraintis the total enegy constraint,which also
imposesanupperboundon theallowablestatesaty = —F/(mg); thesestateshave
lateralvelocity of zero.

Figure4.1illustratesthe setof stateshatland at a given point. Thelocusis an
ellipsecentereetweertheimpactpoint andthe maximumpossiblealtitudeandis
twice aswide astall. Thesameellipseis alsothesetof stategshatarereachabldrom
agivenpoint;in this guiseit is relatedto the solutionto the artillery rangeproblem.
Thefull curveis shavn but will sometimedetruncatenthelowersideatthepoint
wherethe trajectorylandsor takesoff at 45 degrees. On level groundthesepoints
arethe maximumrangepoints;in generalthe anglesin the upperhalf arepreferred
sincethe hopperworks muchbetter“hopping” than“skittering” Sincetheenenpy is
specifiedonanabsolutescale atlowerlandingelevationsthis curveis broadetut the
centerpointremainsfixed at the upperenegy bound;this canbe seenin Figure4.4.
Theillustrationis symmetricandthedirectionalambiguitycornvenientlysummarizes
behaior for bothdirections.In theasymmetriccaseso comethe directionof travel
will beexplicitly defined.
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Figure4.2: The shadedegion is the locus of apees of trajectoriesthat crossthe
verticalline. Crossingis definedasa takeoff andlandingon oppositesidesof the
line.

The curve may be derived asthe simultaneousolutionof the enegy constraint
andthelateraldisplacemenasa functionof thevelocity andthefalling time:

E = 1/2-mi*—mgy (4.13)
Az = T-tan=12-2(y;i—y)/g

The solutionmay be succinctlyexpressedisa function of y; the signambiguity
selectgheright or left half:

mg

This may also be written in termsof the maximumaltitude y,,,; from this form
may be derived the equationfor an ellipsewith the centerat (v, + v;)/2, halfway
betweernthe maximumaltitudeandtheimpactposition:

EF = —mgynm, (4.15)
Ar = £24/(yi = y)(y — ym)
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Figure4.3: Thedarkregionis thelocusof apexesof trajectorieghatcrossthe hole.
Crossings definedastakingoff from theleft sideof theleft edgeandlandingonthe
right sideof theright edge,or vice versa.

Az? = 4y — Y)Y — Ym) (4.16)
= (Wi —Ym) = Y = Ym — %) - (Wi — Ym) + 2Y — Y — ¥i))
= (yz - ym)2 - (2y —Ym — yi)2

Az? L=+ yi)/2)?
(Yi — Ym)? (Wi — ym)/2)?

Theellipsein equatiord.17 hasa minor axis of length (y; — v,,,)/2 anda major
axistwice the lengthof the minor axis. Both dependonly on the geometry;i.e, the
total enegy is expressedjeometricallyandthe gravity parametedoesnt affect the
geometry

1 (4.17)
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Figure4.4: Thedarkregionis thelocusof apexesof trajectorieghatcrossthe hole.
Crossings definedastaking off from theleft sideof theleft edgeandlandingonthe
right sideof theright edge,or vice versa.

Thefirst useof this diagramis Figure4.2 which illustratesthe setof stateshat
crossagivenverticalline. Thisis definedasthesetof statedor whichthetakeoff and
landingbody positionsare on oppositesidesof the line. This particulardiagramis
symmetricandmayrepresenacrossingn eitherdirection. A few particularsolutions
in theregion areillustrated,but the region may be derived by consideringhe upper
boundarywhich representstateghatlie exactly on the givenline. Theleft portion
might represenstatesthat land moving toward the right; this segmentis an open
boundaryof the region sinceall statesbetweenthat curve andthe vertical line are
guaranteedo land on the right side of the line, andthey musthave taken off from
theleft side. Similarly, theright portionof the umbrellacurve might represenstates
thattook off from theline moving towardtheright; this segmentis anopenboundary
of theregion sinceall stateshetweerthat curve andthe verticalline areguaranteed
to have taken off from the left side of the line, and clearly land on the right side.
Thetotal regionis the union of thesetwo regions. The agumentis symmetricfor a
left-moving hopper

This resultis appliedin Figures4.3and4.4to the problemof determiningwhich
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Figure4.5: The shadedegionsarethe locusof apeesof trajectoriesthat succeed
or fail in crossinga thin wall. The hopperis treatedasa pointandthewall haszero
thickness.Threearcsareillustratedthat grazethe top of the wall; thesecorrespond
to pointson the boundaryof the successocus.

stateqat the specifiedenengy level) may successfullycrossa hole. Sincethe hopper
shouldnt landin the hole, this maybereducedo the setof stateghattake off onthe
left side of the left edgeandland on the right side of the right edge,or vice versa.
In otherwords, the solutionis the setof statesthat crossboth edgesin oneflight,
which is the intersectionof the crossingregionsfor the two edges. This senseof
“crossing”only considersdody position;the holein actualitydefinesa constrainton
foot position. For example,thereare extremal stateswith body positionsover the
hole not consideredy this definition of “crossing. In generalthe foot placement
constraininvolvesnotjustthe geometrybut alsothe previous state:for the purposes
of thesediagramdandingsandtakeoffs arealwaysassumedo have thefoot placed
straightdown, sincethe diagramsare meantto illustratethe trajectoriesthat satisfy
the terrain constraintwithout illustrating whetherthosetrajectoriesare achievable
from otherstates.

Figure4.5extendstheline crossingcaseto athin wall. In the casellustratedthe
wall is higherthantheimpactheightandthereexist stategguaranteedo collide with
thewall. Thebodyis assumedo beapoint;i.e.,thisis aconfiguratiorspaceobstacle
andtheusualfinite sizedbodyrequiresgrowing the obstaclesvith theusualC-space
methods.The crossingregion shovn may be derived by consideringthe statesthat
passhroughthepointatthetop of thewall: thephysicss thesameasthe casewhere
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Figure4.6: The shadedegionsarethe locusof apesof trajectoriesthat succeed
or fail in crossingthe step.Eachdiagramspecifiegheresultfor left to right motion,
althoughthe geometryis symmetric. The statesoutsidethe ellipsesarenot labelled
but couldbe similarly categorized.
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Figure4.7: Theshadedegionsarethelocusof apexesof trajectorieghatsucces®r
fail in crossingeachwall. Thetop left wall is too high to cross thetop right maybe
crossedandthe bottomwall is low enoughto crossor land on top. The hopperis
treatedasa point, andthewalls have thethicknessdllustrated.
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the bodywould land at that point, andso the sameellipse may be constructed.The
ellipsefor a groundlandingat the samepositiondefinesall statesthat musteither
crossor collide, andthe setdifferenceyields the regions of guaranteeatollisions.
This diagramis symmetricanddescribes crossingn eitherdirection.

Figure 4.6 illustratesthe possibilitiesfor a terrain stepthat is low enoughthe
hoppermay hop on the plateau.The threeellipsesareformedby the dimensionof
the lower level impact, the upperlevel impact, andthe clearanceof the stepitself.
The smallellipsecontaingthe stateghatunambiguoushsucceedAdjacentto it is a
regionin which eachtrajectoryhastwo possibilitiesfor groundcontact.In theupper
diagram theambiguityresultsbecausehe parabolacrossexloseenoughto the step
thatthe statecould be achieved by a bouncefrom the lower level or by a bounceoff
the plateautself. Thisis possiblebecausehe constructiorrulesassumehattheleg
collisionis not a factor: that particularparabolanvolvesthe body crossingthe step
within aleg length,andit is assumedhe hoppermay simply move theleg out of the
way. In thelower diagramthe ambiguityis symmetric;the parabolacould belanded
on eitherthe plateauor the lower level, dependingon whetherthe leg were placed
down or swungout of the way duringthe descentAlso, in thelower diagrammary
statesarelabelledunreachablen fact,any apex above theenegy limit or belov the
impactaltitudeis unreachablsomostunlabelledstatesarealsoin this cateyory.

Onefactthis diagramdoesnot make clearis the rangeof leg anglesthat may
achieve a particularregion from a particulartakeoff. However, if one draws the
reachablellipsearoundary takeoff from the plateauthe crossingregion presentsa
largertamgetthatfrom the bottom,in the sensehata greaterfraction of the possible
trajectoriegresultin a statein the region of successin this senseit is easierto hop
down thanup: hoppingup requiresmore precisecontrol of the takeof trajectoryto
landin thewindow betweerlandingshortandnotachieving sufiicientaltitudeto land
ontop.

Thelastexampleillustratedin Figure4.7 shaws threecaseof finite sizedwalls;
thefirst is uncrossablethe secondcrossableandthethird is low enoughthe hopper
mayeithercrossor landontop. Eachof thesediagramss essentiallya superimposed
pair of stepclimb andstepdescendliagramsandthe ambiguitiesresultfor similar
reasonsAs before,“landing” is definedonly with respecto a leg pointing straight
down, andit is assumedheleg may swingclearof obstaclesluringflight.

4.4.2 DiscretePhaseSpaceDiagrams

The directionalambiguityof the umbrelladiagrammay be avoidedby insteadplot-
ting the locusof trajectoryapeeson (z, ) axes. Normally, this would be a phase
plot, but unlike a phaseplot eachline on this plot doesnot represent trajectory
but represents setof trajectoriespnefor eachpoint ontheline. Like theumbrella
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Figure4.8: A pair of discrete“phase”diagramsillustrating statesreachableafter oneand
two bounces. The left diagramillustratesthe statesthat land at the origin as a solid line,

andthe statesreachabldrom the origin asa dottedline. The dotsarespaced.01radians
of ¢ apart,but not every final stateis reachabldrom every initial state. The right diagram
illustratestheregion of stategeachabldrom the origin aftertwo bounces.
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Figure4.9: A discretephase”diagramillustrating a threebouncetrajectoryendingwith a
verticaltakeoff. Thetrajectoryis representedly transitionarrons. Staten lies onthelanding
curvefor theorigin; thecorrespondingakeoff curve representa supersedf reachablestates.
The hoppertakes off with slightly higherlateralvelocity, and the secondlanding point is
determinedy intersectinghenew stateandthelandingcurves. This processontinuesuntil
Staten + 3, which takesoff at the zerolateralvelocity point on the takeoff curve andwill
land at the samepoint.
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diagram thetotal enegy boundsthe areaof admissiblerajectories.
Thelocusof trajectoryapexesthatlandat a givenpointis derivedfrom the same
constraintof equatiord.13,but eliminatingy insteadof i:

2F — ma® + 2mgy;
Ax::b\/ e+ Smgy (4.18)
mg

This mayberecastwithout referencdo the y axis by statingthe enegy in terms
of the maximumlateralvelocity possiblefrom the takeoff:

E = 1/2mi? — mgy; (4.19)
2 2 _ o4
Ap = | Fmd : By
9

Theleft half of Figure4.8illustratesthe pre-imageandpost-imageof a landing
point. The pre-imageis the setof trajectoriesthat land at that point, andthe post-
imageis the setof trajectorieeachabldrom thatpoint. In thefigure,the complete
pre-imagds showvn but only a segmentof the post-imagean orderto emphasizehat
the setof statesavailable after takeoff is constrainedoy the rangeof possibleleg
angles.Eachpoint on the landingcurwve is associatedavith a segmentof the takeoff
curve; the extent of that segmentis a function of the impactvelocity andthe foot
friction atthatlanding. Thepointsonthetakeof curve areplottedassumingvertical
fall (£ = 0) andareplottedfor valuesof theleg anglespaced.01radiansapart.

Theright half of Figure4.8 extendsthat caseto two bounces Eachcurve repre-
sentghe choicesavailableon the secondoouncetheentireregionis the setof states
reachableafter two bounces. The first leg angleis plotted at discrete0.02 radian
intervalsandthe secondounceeg angleplottedcontinuously

Figure 4.9 representsa threebouncesequencever level ground. In this case
only thetrajectoriesnearvertical have beenplotted. The diagrammay be tracedas
follows: Staten is on a curve thatintersectghe x axisat the landingposition. From
thelandingpositionis plottedanothercurwe illustratingall possiblereachablestates;
it is assumeda leg angleexists to put the hopperon the trajectoryrepresentedby
the point at the end of thefirst arron. This chainis iteratedfor two morebounces.
Staten + 3 representatrajectorywith averticaltakeof (i.e.,zerolateralvelocity i)
andreturnsthe hopperto the sameposition.

This diagramoffers a differentview of the statetransitionprocessput doesnot
illustrateterraingeometryasliterally asthe umbrelladiagrams.As showvn in equa-
tion 4.19,theterrainaltitudedoesenterinto the curvesvia theimpactaltitudey;; the
lowerthealtitude,thegreatertherangeof possibldateralvelocitiesandthetallerthe
takeoff andlandingcurvesbecome.
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Figure 4.10: A reflection angle diagramillustrating statesreachablefrom initial
statev;, giventhe setof leg anglesd. Thesetof possibletakeoff statess v, which
is mappedby flight to theimpactstates/;; onthe curve. Theflight mapillustrated
assumeshelandingaltitudeis the sameasthetakeoff altitude.

4.4.3 ReflectionAngle Diagrams

Thediagram=f the previoussectionillustratethephysicsbut fail to show thecontrol
choicesclearly: the rangeof leg angleat eachimpactis not representedh the dia-
gram.An alternatve is thereflectionanglediagramwhich parameterizethe impact
ratherthanthetrajectory Givenconstantotal enepgy, atrajectorymaybe described
by a takeoff positionandtakeoff angle;this may be easilygraphicallytransformed
to the successie impact,andtheleg controlrangeplottedon the sameaxes. These
diagramsarebestsuitedfor describingpathsover level groundwith holes.
Theanglecorventionis illustratedin theinsetin Figure4.10. Theimpactangley;
is measureavith respecto the —y axis; a verticalfall hasavalueof zero,andafall
moving to the right hasa positive value. For corvenience,the rise angle (liftof f
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angle)v, is measuredn a left-handsensewith respectto the +y axis. A vertical
liftof f hasavalueof zero,andaliftof f moving to theright hasa positive value.Given
theinstantaneoubouncethebouncefunctionis asfollows:

vy =v; — 2¢ (4.20)
Theflight functionis considerablymessier:

v; = atan2 ( sinv\/2E/m + 2gy, (4.21)

\/QQ(yi —y.) +2cos?v,.(E/m + gy,) )

E + mgy,) cos? v,

Az = 2siny.,|(E/m+ gy.) (yi_yr—i-( 5
9 mg

> (4.22)
—(E/mg + y,) sin 2v,

Figure4.10presentareflectionanglediagramfor averticalfall andaflight. The
verticalaxisindicatesangleandthe horizontalaxisis the lateralpositionof the body
atimpact. The hopperimpactswith v; equalto zero. The rangeof leg angleswithin
the friction cone+¢, is illustrated;after the bounce the takeoff rangespanstwice
thatrange:32¢,,.

In thisdiagramatakeoff rangeis alwaysaverticalline atthesamer coordinateas
theimpactpoint. The effect of flight is to “shear”this line into a curve representing
how differenttakeoff angledandatdifferentz positions.Onlevel ground theimpact
angleis equalto the takeoff anglefor a givenflight (v; = v,.), sothis curve maps
pointson theverticalline directly horizontallyto a correspondingmpactpoint.

4.5 Discussion

This chapteris somethingof a collectionof oddsandends;the hopperis so simple
it waseasyto puttogetheralinearcontroller somostof theinterestingcontrolwork

falls in the planningchapter But the themeof the chapteris that discretephysics
leadsto discretesolutions,whetherin controlor in analyticmethod.This chapteris

intendedasa preludeto the planningchapterto motivatethe developmentof search
basedlanningandto illustratetheunderlyingsearctspace Thediagrammatieneth-
odsarenot usefulto the machineper sebut might helpthereaderto understandhe

controlproblem.
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Chapter 5

Planning

TheBow Leg Hopperwasconcevedwith realterrainin mind. It hastheefficiency to
useon-boardpower andenoughenepgy storageto hop severaltimesits own height,
importantattributesfor jumping up and down stepsand boundingbetweenrocks.
We believe the simplicity of the designwill meanthatthe reliability in the lab will
translateto ruggedness anoutdoorernvironment.

The big questionis whetherthe device can be controlledwith enoughagility.
Ideally, a controllerwould always placethe foot on a securefoothold and always
directitself to a trajectorythatleadsto otherfootholdsand eventuallyto the goal,
working from noisy sensordataaboutthe shapeof the terrainandthe stateof the
robot. Whatthis thesisrepresentss work towardthisideal.

Chapter discusses simplelinearcontrollersuitablefor level ground.However,
for crossingterrain the “control” for the hopperlooks more like “planning” than
typical closedloop feedback.It usesgraphsearcho considersequencesf footfalls
that satisfyterrain, friction, andtask constraints.The control outputsfor eachstep
arecomputedusingtheclosedform modelof thephysicspresentedh Chaptel3. The
plannercomputegathsin realtime while the machineis in motionandcanproduce
apartialplanin thefew hundredmillisecondsavailableduringflight. As thehopper
approacheshe ground, it configuresthe mechanismnusingthe bestavailable plan.
After the impact,the trajectoryis measuredigainandthe plannerdecideswhether
it may apply feedbackcontrol to stay on the plan or mustreplanfor the next step.
Thethesisdoesnt includethe problemof sensingerrainfrom a moving vehicle,so
the plannerhasan accuratemodelof the terrainavailable and high-quality position
informationfrom the constraintboom.

Thefollowing sectionsareorganizedrom generabbstracissuego the specifics
of the implementedsystem. At the endis a discussiorand conclusionsectionand
suggestiongor future work. Readerswvho wish to skip the pedanticcoursemay
examinethefollowing roadmap:
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Section5.1 developstheformal specificatiorfor a hopperplanner

Section5.2 outlinesgeneralkolutionsandsystemdesignissues.

Sectionss.3and5.4 presentghe planningsystemsmplementedandtestedin
thelaboratory

Section5.5 presentsdeasfor offline planning.

Section5.6 wrapsup with asummarydiscussion.

5.1 Formulation

Section4.1developedthegeneraform for ary hoppercontroller Thisis reproduced
asfollows:

(¢n+17 AEn—I—l) = f(xna Yn, xn) (51)

Thisis graphicallydepictedn Figure5.1. A moreplannefcentricview is to view
theplanasamapfrom onetrajectoryto another:

($n+1, Yn+1, in-I—l) = P(xnv Yn, xn) (5.2)

This formulationwasinspiredby [BRK99]. This mapabstractthe detailsof the
bouncetself anddefineshelocal goalfor everytrajectoryin thedomain;successie
trajectoriegpresumablychainto thegoal. Thecontrolactionfor eachstateis implicit
in the successostateand may be computedby inverting the physicalmodel. This
mapmay be visualizedasa vectorassociateavith eachpoint thatrepresents one
bouncetransitionto anotherstate.In the planningsearchthis mapis discretizedasa
graphwith nodesrepresentingamplepointsandarcsrepresentinghesevectors.

For the purpose®f this discussionthe procedureghatgenerates plan P is the
planner andthe procedurethat usesplan P to computea specifictransitionvector
is the controller Togethertheseform a realtime control systemthat usesplanning
methods.

This is avery generaformulationintendedasa startingpoint for discussinghe
specificplannergestedn this thesis. Theseplannersall searchout specificpathsin
statespacethenusea linear controllerto accommodatenodestdeviationsfrom the
path. The combinationof a sequencef specificstates(a single path)anda linear
controllermay be viewed as a map definedover isolatedpoints. This map hasa
domainsurroundingeachpoint (eachstate)whoseextentis the domainof thelinear
controller As the hoppermovesthroughstateghe linear feedbackshouldconverge
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Total Energy = 1/2 mx? - mgy

Flight N Flight N+1 Flight N+2
(X, Yns %n) (Xn+1s Yn+1, Xn+1) (Xn+2: Yn+2: Xn+2)

!

Stance N+1
(Pn+1, AEn+1)

™ Stance N+2
(Pn+2, AER+D)

Figure5.1: lllustrationof thehopperstateasseerby the planner Eachflight parabola
is representetby threeapex parametersEachstanceis a transitionbetweerflights

controlledby theleg angle¢ andenegy changeAE. The pathshovn hasconstant
totalenegy sothehoppenreachespproximatelhthesamealtitudeevenastheterrain

dropsaway.

on the plannedsequence.This particulardescriptionof the problemwasinspired
by [BRK99].

5.2 Planning Issues

This sectionenumerateshe physicalconstraintson plansin orderto motivatethe
plannerdesign. The diagramsof Section4.4 illustrate someof the physicalcon-
straintsbut arenot sufficient to write a planner andthe planningformulationof the
previous sectionofferslittle hint asto how suchplansmay be produced.Thisis a
generaldiscussiorof issuesmary of thesethoughtswerenot directly testedby the
actualplanner but all wereconsidered.

Theplannerchooses pathin a statespacan which eachflight trajectoryis rep-
resentedoy a point. The setof trajectoriesreachabldrom that point is a manifold
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parameterizely thetwo physicalcontrols.The shapeof thatmanifoldis the combi-
nationof all the physicsandconstraintsieg kinematics bouncetransitionfunction,
flight dynamics(principally gravity), terrainshape friction limits, and mechanical
limits.

This is anopenformulation,but is betterthoughtof asa form of foot placement
planningthanrouteplanning;someotherapproactwould be bettersuitedfor choos-
ing thelong-termpathacrossalarge swathof terrain. Sogiventhatsomeotheragent
will handdown shortterm positiongoalsthe problemis finding a sequencef foot
placementshat getto a positionandis tolerantof error during execution. This ap-
proachis opento arbitrarypathconstraintghatmight expressauxiliary goalssuchas
performinga particulargaitduringthesequence.

5.2.1 Foot PlacementConstraints

The mostbasicconstrainton a candidatepathis the quality of eachfoot placement.
The kinematicelementis whetherthe terrain geometryand the joint limits allow

contact,andthe dynamicelementis whetherthe leg forcescanbe supportedy the

strengthandpfriction of the contactpoint.

Oneway to visualizethe geometryis to drav a open-side-ugsemicirclewith a
radiusequalto theleg lengtharoundevery point on the flight trajectory andrecord
whichpositionsintersecusableground.Onflat ground,everyanglein thesemicircle
is geometricallyfeasible.

The plannemrmeasureshe leg anglewith respecto the world coordinatesystem.
Thejoint limits ontheleg, however, arewith respecto thebody— if thebody pitch
rotatesenough)eg angleshatareotherwisesafemight be outsidethe limits of joint
travel. If the hopperis successfulit keepingthe body pitch nearzero,theleg limits
aregenerallywider thanthe friction limits anddon’t enterinto planning;this work
assumeshatthe body pitchis not anissueanddoesnt considefjoint limits.

Thefriction constrainspecifiesvhich leg positionsarelik ely to leadto asuccess
bouncewithout the foot slipping. For the Bow Leg, this is especiallysimple: the
freely pivotedhip meanghattheleg forceis alwaysdirectedalongthe axisbetween
the foot andthe hip. Assuminga Coulombfriction cone,the leg anglemustalways
stay within arctan p radiansof the normalto the surface. For level ground,the
normalpointsvertically; for example afriction coeficientof 0.5meangheleg angle
must stay within about27 degreesof vertical or the static friction force won't be
enoughto keepthefoot from slipping.

The actualfootfall occurswithin a distribution that depend<on the errorin the
model, the trajectory measurementand the leg position control. The safetyof a
foot placementdependson this distribution and distanceof the predictedlanding
from nearbyhazards Foot placemensafetyis an estimateof risk thatis difficult to
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quantify Furthermoregrrorsin thefriction estimateare quickly catastrophidf the
plannerchoosesverly aggressie velocity changessincethe foot will slip. With-
out resortingto explicit measuremenof failure probabilities,thereare necessarily
heuristicchoicesduring planningto balancerisk. A perfectly conserative hopper
would be stuckhoppingin place,sinceit mustassumeno foot friction is available
(smallleg angles)andthatthe physicalmodelis wrong (minimize velocity).

In this planningformulationthe mostrestrictive physicalconstraintsare on foot
placement. Theseactually constraina combinationof a “state” anda “control”; it
might be corvenientif the foot position could be usedas a statevariable, but the
resultingstatedefinitionwould not be of minimal dimension.Also, thereexist phys-
ical stateswithout a uniquelydefinedfoot placementsuchastheflight statesof the
ambiguougegion of Figure4.6.

5.2.2 Energy Constraints

The other control in our planningmodelis thrust, which in the Bow Leg design
directly controlskinetic enegy deliveredto the body during stance. For the most
partenegy controlanddirectioncontrol may be treatedindependently The enegy
may be plannedasa function of terrainandonly needsto betightly coordinatedo
pathplanningduringdramaticelevationchangesTheadwantageof thisdecouplings
thatmostof thetime the plannemeedonly considetwo one-dimensiongbroblems,
whichis generallymoreefficientthana singletwo-dimensionasolution.

The plannerlumpspassve dissipationandcontrol thrusttogetherasan “eneigy
control” whosevaluemay be negative. The enegy dissipationis a function of state,
sothelimits on this controlreflectbothmechanicalimits andthe state.

The “total enegy” of a stateis the sum of potentialandkinetic enegy at ary
point. Sincegravity is conserative the total enegy is constantfor a given flight
parabola.Totalenepgy is acorvenientplanningmetricbecausé& canremainconstant
over a path, including thosewith lateral velocity changes. Pathsat constanttotal
enegy have peaksat lower altitude asthe lateral speedincreasesa path hopping
down a slopeat constantateral speedreacheghe samealtitude on every flight, so
theflight time becomegprogressiely longet

The mechanismimits boththe maximumenegy thatmay be addedusingthrust
andthe maximumenegy that may be storedduring impact; for the planningprob-
lemsin thelab, theplannemaysafelyignorethe storagdimit, sincethethrustlimits
thealtitudethatmaybereachedandthereareno deepholesin thefloor. SectionB.2
includesa brief analysisof thrustmotor power.

Eachterrainfeaturedefinesminimumandmaximumboundson thetotal enegy
requiredto crossthat point. As a basecase,on level groundthe minimum is the
potentialenepgy at standingheight(with whichthe hoppemwould betakinginfinitely
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small steps).andthe maximumis the altitudewith potentialequalto theleg storage
limit. Thediagramsn Figure4.7illustrateexamplesof crossingwalls for aspecified
constanenepgy; undertheassumptionsf thediagramthe minimumecrossingenegy
is that for which the crossingregion shrinksto a point, andthe maximumcrossing
enegy thatfor which every statein thecrossingregionrepresenta paththatexceeds
themechanicalimits onimpact.

However, the assumption®f the umbrelladiagramdo not take into accountieg
angle. For example,thelowestenegy crossingfor a holein otherwiselevel ground
is a 45 degreetakeoff with the foot placedon the edgeandtheleg at the edgeof the
friction cone;the body is actually over the hole during stance,and landswith the
foot extendedto the oppositeedge. A stepis minimally crossedoy a nearvertical
takeoff closeto thebaseof thewall thatlandswith thefoot extendedo therim. Note
thattheseenegy boundsdo not guaranteehatthe “success’statesdon’t collide one
bouncedater, let aloneachiere thegoal.

5.2.3 The Clock

If the plannerassumeshe terrainto be staticthenthe plansare time-independent.
However, enegy storagedoesimposea time constrainton plan execution. It is
mechanicallyadvantageouso storeenegy at low power, sothe processcontinues
throughthe entireflight. The enepgy releasedat bounce N mustbe storedstarting
immediatelyafterbounceN — 1. Thisrequiressomeanticipation,duringflight N —2
the measuremerns madeto determinehe enegy storedduringflight N — 1, which
affectsflight V. Thisis acceptabléecause¢heenegy dissipatecateachimpactmay
be reasonablypredicted. Note that the planitself only needsto specifythe enepgy
releasedhfteragivenstate.

The moredifficult time constraints on the planningprocesstself. It takessome
initial portion of flight to measurdhe state,andsomefinal portionto move theleg;
if the planneris to usethe most currentstatewhen generatinga new plan, it has
only theshortinterval in betweernn which to comeup with thefirst stepof the plan.
Computatiommay continueduringstanceandbeyond, althoughby thatpointthefirst
stepof the planwill have beencommitted. If a plannercananticipatea future state
andbegin planningbeforeit is reachedmuchmoretimeis available.

If dissipationwere zero then the idealized physicswould be time-reversible.
However, evenwith somedissipationpathsmaybetime-reversibleif thedifferencan
enepgy betweeradjacenstateds bothlessthanthedissipationimit in onedirection
andlessthanthe thrustlimit in the oppositedirection;this may betrivially satisfied
by maintainingconstantenengy sothe differenceis zero. By reversingthe startand
goalaforward-timeplannercould be usedto planpathsbackwardsfrom a subgoal.

Evenwith just forward-timeplanning,pathscanbe choserthatmay bereversed
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ateverybounce.Thiscouldbeusedasastrategy for hoppingacrossunknavnterrain:
if atevery bouncea hoppercouldguaranteehatit mayreversedirectionat the next
bouncejt would guarantedt could“back out” alongthe samepath.

5.2.4 Terrain

The planningprocesss limited by the availableterraininformation. On the coarse
scale,a limited rangeof perceptionimits the planningdistance.On the fine scale,
limited precisionof perceptionimits the planningprecision.

For thiswork theplannerassumegheterraingeometryandfriction coeficientare
known. (In the experimentgheterrainwasconfiguredto matchthe model.) In gen-
eralpracticeeithermightbe percevedincorrectly;in particular remotelyestimating
friction requiresperceptionof materialtype, a generallyunsohed problem. How-
ever, only discretepointsof theterrainever comeinto contactwith thefoot so“false
negatives” thatincorrectlydeclarea foothold unusablearetolerableif footholdsare
otherwisesufficiently dense.

Anotherpropertythatmight be worth consideringduring planningis impactdis-
sipation. The hopperperformsbeston rigid terrain; a segmentof high-dissipation
terrainreduceghedynamicrangeof thehopperandimposesa conditionon the min-
imum nitial enepgy thatcould successfullynavigatethe segment.

Oneminor point: everytrajectory“collides” with theterraineventually:thereare
noinfinitely deepholes.On ascentatrajectorymaybeevaluatedo seeif it collides,
but on descentjt is the combinationof a trajectoryanda leg anglethatdetermines
whetherit collidesor makessafecontact.In otherwordsif thetime-until-bouncas
lessthanthetime-until-collision,thatcontrolis safefor thattrajectory

Most of this discussiorof constraintcouldbeappliedto the caseof a3D hopper
However, planargeometrymakesglobal proofssimpler The 2D geometryimplies
thatevery x coordinatebetweerthestartandgoalmustbecrossedBarringtwo-level
bifurcations(multi-platform geometry) this defineseithera verticalray or sggment
for eachr coordinatdhatmustbecrosseddependingpnwhetherthereis anoverhead
obstaclen additionto the ground. The setof stateghat crossesachverticalray is
definedby Figure4.2.

5.2.5 Graph Search Planning

Up to this point, thediscussiorof planninghasbeenindependenof ary particularal-
gorithm. Thisthesisseek4o demonstratéhe possibilitiesandlimitationsof applying
ordinarygraphsearchtechniquego the foot placemenplanningproblem.
Graphsearchis hardly ideal. The problemdoesnot definea symbol system;
it hasdiscretetransitionsbut all statequantitiesare continuous,so trajectoryand
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control discretizationis necessaryBy the sametoken, graphsearchis amenabldo
heuristicsandgeneratesolutionsincrementally The continuousgeneratiorof valid
partialsolutionsis well-suitedto on-line planningin orderto alwayshave something
to dowhentime runsout duringdescent.

Discretization

The problemis naturallydiscretizedn time sinceeachbouncerepresents discrete
choice.Somevariationson theenegy mechanisnaddenengy in specificquantaput
otherwiseboth leg angleandthrustenegy controlsare continuous.A samplingof
thecontinuougangeof feasibleleg anglesandthrustmustbeselectediteachbounce
for expansionin thesearchthe numberof sampless the searchbranchingfactor

Therearesomenaturaldiscretizationsterraincanoften betreatedaspatchedor
whichary landingis roughlyequvalent. This defineswo dimensionapatchesn the
statespacewith correspondingwo dimensionapatchesn the controlspace.

If whennearthe goal the control discretizationdoesnot include a choicethat
reacheshe goalstate thenthe planwill notreachthe goalexactly.

Heuristics

The hoppingtaskis specifiedthroughthe searchheuristics.It is the estimateof the
costto thegoal(the cost-to-goYhatdeterminesvhich pathsareexploredandthecost
of partial pathsthatdeterminegherelative ranking. Sincethe basictaskof hopping
to alocationis underconstrainedny gait choicesor “style points” areexpressedn
therelative costof differentmotions.

The fundamentakearchheuristicis the measurementf pathcostandthe asso-
ciatedestimateof cost-to-go.ldeally, costwould be measuredn somereal unit that
could be measuredand normalized. One possibility is measuringenegy expense.
However, the enepgy costfor falling down is infinite sincethe hoppercannotgetup
and hencewould never reachthe goal. Sincesomeheuristicsencoderisk proba-
bilities (e.g., chanceof the foot slipping), the non-zeroprobabilitiesmultiplied by
infinite costswould leadto all pathshaving infinite cost. Evenif the hoppercould
getup from afall, ary terrainrequiringthe crossingof a deephole would againin-
volveinfinite pathcosts.Sucha plannemwould be entirelyrisk-averse;encodingcost
encodes life philosophy

5.3 A Planning Solution

This sectiondiscusseshe final versionof the planner“as-kuilt.” Following this is
adiscussiorof its predecessowhich wasmoreelaboratebut illustratessomeother
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usefulideas.

5.3.1 Algorithm

This following algorithmis a straightforward best-firstsearchin which eachnode
representsa path endingon a flight state,and eacharc represents bounce(i.e.,
a transitionbetweenflights). Much of the behaior is wrappedup in the heuristic
functions.

To initialize the searchgcreatea priority queuewith a singlenodethatrepresents
the currentflight state.Theniteratethe following until termination:

1. Remore the highest-scorepartial solution N from the headof the priority
gueue. If N is null, returnthe bestsolutionfound sofar. If N satisfiesthe
goal,returnN.

2. If thedepthof NV in the searchireeis within a depthlimit (i.e. the numberof
bounceselow athreshold) expandthe nodeasfollows:

(a) Testtheresultfor eachof five evenly spacedeg anglesbetweent0.38 ra-
dians:
i. Computethelandingpositionfor N andg.

ii. If thefootlandsonanon-level sggmentthenreturnfailure,elsecon-
tinue.

iiil. Computethe approximateresult of the bouncebasedon half-max
thrust.

iv. Computetotal enegy of resultingflight, the differencefrom the de-
siredtotal enegy, andthe enepgy to be addedon this bounce(the
thrustcontrolvalue).

v. Recomputehebounceusingthe nevly computedhrustcontrol.

vi. If the takeoff is within 45 degreesof vertical, return successeglse
returnfailure.

(b) If thebouncewassuccessfulcreatea new searchnoderepresentinghe
new flight state,computethe costheuristicsanda score,andaddit to the
gueueof unexpandedhodes.

(c) If thenew nodehasa scorehigherthanary foundsofar, recordit asthe
new “bestsofar” solution.

3. If memoryfor treestorages exhaustedreturnthe bestsolutionfound sofar,
elseiterate.
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This algorithm was chosenbecauset is unbiasedand simple. New nodesare
back-linkedto their parentnodesso mary plansmaybe storedin limited memory It
is simpleandbruteforce,however, andits performancés sensitveto thehand-tuning
of the heuristicfunctions.

The evaluatedcostof a partial path (a node)is the sumof costsfor eachbounce
(eacharc). The scorefor a nodeis the negationof the sumof the costandthe esti-
matedcost-to-go.Thecostof abouncds thesumof afriction penalty a“verticality”
penalty a footholdrisk penalty anda constantost:

score = —(cost + cost to go) (5.3)
cost = costy + cost, + cost, + 1.0

Thefriction penaltyis a smoothfunctionthatrisesquickly astheleg anglenears
the edgeof the friction conefor the terrainat a particularplacement.The variable
dnorm 1S the leg anglenormalizedto [0, 1] in which the value0 is the centerof the
coneandl is thefriction limit; the costis asfollows:

cost; =5 - Pnorm" (5.4)

Thenumericconstantsn eachof theseexpressionsverechoserthroughtrial and
error, evaluatingthe planneron a setof sampleproblems.

The“verticality” penaltyfavorsbounceghattake off closerto vertical. The mo-
tivationis thatthe morehorizontaltakeoffs involve moreleg sweepandareharderto
predict;this penaltyfavors pathsfor which thethe modelsaremorereliable. A side
effectis to limit thelateralspeedor a givenhoppingaltitude:to go fasteracrosghe
terrainthe hopperalsoneeddo go higher The costis a smoothfunctionof theratio
betweenhetangentandnormalvelocity of thebody expressedn theleg frame:

cost, = 20 - (v;/v,)° (5.5)

Thefootholdrisk penalizegoot placementsearthe edgeof safefootholds. This
preferslandingwell inside a region to accommodatéhe inevitable trajectoryerror.
Thevariablefootx,.m iS the normalizedpositionof thefoot which takesthe valueO
atthe“safetylimit” 6 cm from the edgeof theterrainsegmentandthevaluel atthe
edge.Foot placementinsidethe saferegion have anormalizedvalueof 0.

cost, = 20 - f00tXporm> (5.6)

The primary factorin the estimateof the cost-to-gois the numberof bounces
remainingto the goal, underthe assumptiorihatthereexists alocally safepaththat
minimizesthe risk factorsso the constantbouncecostdominates. An admissible
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heuristicin this caseis oneguaranteedo underestimatéhe costandhenceoveres-
timatethe averagespeed.A tunablecompromisds to computethe maximumspeed
allowedby the desiredtotal enegy andscaleit by a hand-tunedactor

If thebestpathtravelsat uniformvelocity, thenthe estimatechumberof bounces
to thegoalis thedistancadividedby the productof themaximumlateralvelocity and
thetime of flight.

cost t0 80 = kxcost * | — Z|/(Tmly) (5.7)

Thevariablez,, is themaximumlateralvelocity, computedrom thedesiredotal
enepy, t; is theestimatedime of flight, andk...s; aheuristicscalingfactor typically
around4 or 5; this indicatesthe averagelateral speedfor the testplanningcases
generallyinvolvedaboutfour timesasmary bouncesasthe maximumvelocityacross
level ground.

5.3.2 Plan Execution

Theplanis consistentwith the modelof the physicsbut is not naturallystable.The
source®f uncertaintythatleadthe hopperoff the planincludesystemati@rrorin the
physicalmodel, mechanicabacklashin the leg seno, errorin the stateestimation,
andfriction andbacklashin the constraintboom. After eachimpactthe controller
computesan adjustmento the plan for the next two impactsintendedto returnto

the plannedtrajectory If the erroris too large, the controllerabandonshe planand
beginscreatinga new onefrom the measuredtate.

The leg angles¢,..¢, atn successie impactsmay be considereda vectorthat
definesthereachabldrajectories.In generalatrajectoryis definedby threeparam-
etersandthreesuccessie impactsmay spanthetrajectoryspace However, hopping
at constanenegy reduceghetrajectoryspaceo two dimensions.Thusa deviation
from the pathcanbe correctedoy adjustingtwo successie leg anglesto reattainthe
plannedtrajectory The correctioncombinedinearfeedbackandfeedforward com-
putedusingthe physicalmodel.

If the correctedfoot placementfalls outsidea saferegion definedaroundthe
plannedfoothold, the controller cannotguaranteghe safetyof that bounceanda
new planis generated.Planningoccursconcurrentlywith execution;the planning
systemis anarytime plannerandcomputesusablepartial plansimmediately When
startingfrom scratchthebestplanavailablebeforeimpactis used butis thenrefined
during the remainderof the hoppingcycle. Oncecompletedthe planis useduntil
accumulatecrrorforcesareplanor the planis exhausted.

The enegy of the hopperis regulatedusinga feedbacKoop thatvariesthrustto
maintaina constanttotal enegy. The hopperis designedso that the dissipationis
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relatively independenof forward speed.The plannerestimateghe operationof this

controllersothatinitial enegy ramp-upor ramp-davn will becorrectlytreated.
Several hopping performancesre presentedn Chapter6, and somestatistical

dataon the performancef the planningcontrollerarepresentedn Section6.3.

5.3.3 Comments

The plannerrequiresa limit on searchdepthsincethe goal may be arbitrarily far
away. This plannerjust keepssearchinguntil it runs out of time or memory;the
“best” pathwith the lowestsumof costandcost-to-gois the onereturned.Usually
thisis a partialpathheadedowardthegoal.

But how far maythe pathbetrustedat all? As anopen-loopplanthe erroraccu-
mulatessofastthatmorethanabounceor two is justfantasy Closingtheloop during
executionmeangheplanis areferencepatharoundwhichto control. Thisraiseshe
guestionthough,of how tightly a referencepathneedsto conformto detailsof the
hopperphysics.It is possiblethe dynamiclimits of the machinecouldbe abstracted
to somesimpleconstraintoon pathgeometry A purelygeometrigplannercouldthen
fit parabolasacrossthe terrain, only approximatelymatchingthe endof oneto the
beginning of the next.

5.4 Other Solutions

During the courseof its evolution the plannerwas continuouslyrefined, but three
distinct pointsin the progressare worth describing. The plannerpresentedn the
previoussectionwasthethird majorrevisionthatresultedrom streamlininghemore
elaboratesecondversion. However, the secondversionincorporatedsomefeatures
thatmight be usefulunderparticularcircumstancesyhich aredescribedn the next

section.Following thatis brief descriptionof thefirst revision for historicalinterest.

5.4.1 SecondRevision Planner

Thesecondplannerrevisionis similarin mostrespectgo thethird. Thechief differ-
enceis thealgorithmfor choosinghediscretesetof leg angleso beevaluatedvhen
expandinga node. An exampleresultis illustratedin Figure5.2in which noden is
expandedo successora, b, andc thatwill eachland on a distinctterrainsegment,
i.e., the middle stone the narrav right stone,andthe saferegion on theright. This
wasgeneratedisingthefollowing ideas.

Onefeatureof a terrain model basedon line segmentsis that eachfoot place-
mentregion hasanidentity andis orderedwith respecto the othersggments.When
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Figure5.2: An exampleof thethreesuccessostatesa, b, andc, heuristicallychosen
for planstaten. Eachis associateavith theillustratedleg angle.

evaluatingtheleg anglesata particularbounce gachresultingtrajectorycanbe cate-
gorizedaccordingo theidentity of theterrainsegmentonwhichthattrajectorymight
land. In otherwords,from a particularlandingstate eachnearbyterrainsegmentis
associateavith arangeof leg anglesandtherangesdo notoverlap.

This selectionalgorithmrecursvely subdvidestherangeof allowableleg angles
to identify the boundariesof the segmentsalong the ¢ axis correspondingo the
nearbyterrainseggments.Givena flight stateandtwo pointson the ¢ axis, theflight
trajectoryfor eachis computecandprojectedo thefollowing landing.If thesegment
indicesof the landingsare the same,thenall leg anglesin the rangeland on the
samesegmentand the procedurereturns. Otherwise, it dividesthe seggmentinto
two partsandrecurseson each. The resultis a list of sggmentsalongthe ¢ axis
correspondingo terrainregions,possiblyseparatedby leg anglerangesesultingin
collisions. Giventhis list, the discretizatiorroutineselectsa leg angleat the center
of eachsegment. If a sggmentis wide enough,otherangleare chosenby coarsely
griddingacrosst.

The assumptionsre that the trajectoriesthat land on a particularsegmentare
fairly similar, andthatit is goodto maximizethe variety of pathssearchedy in-
cludingall discretdlandings.This methodalsoaimsto guaranteg@athsto individual
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Figure5.3: An automaticallygenerategblanfor traversingterraincomposeaf step-
ping stones.This wasgeneratedy the first plannerrevision that modelsterrainas
discretesggments.In theinitial stateon the left the hopperis falling straightdown.
Thegoalis to reachthelaststateon theright with negligible lateralvelocity.

narrov footholdsby searchingn theleg anglespace.

Thechiefdisadwantageof thisprocedures thecomputationaéxpense Therecur
sive sggmentationof leg anglesinvolvesan evaluationof the bouncephysics,flight
path, and secondanding point for eachleg anglesampled. A secondissueis the
particularbiasintroducedby this samplingheuristic. It performsreasonablywell
with mediumwidth steppingstonesseparatethy gapssinceit guaranteepathsto the
neighbors.But sincethe gridding routine always placesthe landingover the center
of thestoneif thestonesaretoo narrav, the pathsmight have no futuresincetheleg
choicewill highly constrainedNotethatthethird revision plannerdoesnt solve this
problemeither it just sidestepshe questionwith a unbiaseduniform grid thatoften
failsin thesamecase.

5.4.2 First Prototype Planner

Thefirst majorrevision of theplannerepresenttheculminationof theplannemproto-
typepresentedh thethesisproposal.This plannerusesaterrainmodelthatdescribed
the groundasdiscretehorizontal“steppingstones, asillustratedin Figure5.3. The
advantageof the uniform gridding is thatit makesfor aneasysearchdiscretization:
eachevaluationof alandinggeneratesrajectorieso the centerof nearbycells. The
disadwantagds thatonly highly simplifiedterrainmayberepresented.

During expansionof a node,the plannercomputeshe leg anglefor the impact
thatwill sendthe hopperto the centerof a nearbystone. Figure 5.4 shows the set
of trajectoriesconsideredrom aninitial state. The branchingfactorfor eachstone
is the numberof reachablestones.Theleg angleis computedusinga few iterations
of Newton’s methodon a closedform expressionthat modelsa parabolicdescent,
impact,andparabolictrajectoryto the nearbystone.

Theexpansiongenerates statethatplacesthebody over the centerof the stone.
This meanshowever, thatonly bounceswith aleg angleof zerowill placethefoot
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Initial State

Computed
Impact
Position

Stepping Stones

Figure5.4: Thesetof trajectoriesonsideredby thefirst prototypeplannerfor agiven
startstate. This plannercomputeghe desiredleg anglethatwill reacheachtarget
stateby numericallysolving the impactfunction. The targetsare chosento be the
centerof eachnearbysteppingstone.Thesix trajectoriesshavn arethecompleteset
of choicesthat satisfy physicalconstraintsand representhe searchgraphbranches
from this node.Theterrainhasbeenartificially dividedinto discretesteppingstones
to reducethe branchingfactor
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illustratesthe actualtrajectory Below arethesuccessionf plans.Longonesarefull
plans,shortonesareadjustmentso correcterrors.Realtime increasesnoving down
thefigure,andplanningtime increaseso theright.
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atthecenterof the stone eventhoughthatis the safestfoot position. Whatis needed
is to planatrajectorythatplaceshefoot atthe centerof thestone notthebody This
is accomplishedby performingarelaxationprocedureaftereachnodeexpansiornthat
adjuststhe previous leg anglesto recenterthe foot placements.At the beginning
of expansion,the final leg angleof the partial planis zero. During expansion,leg
anglesarecomputedo generatanen nodesthatreacheachnearbystone. For each
new partial path, the initial sequences copiedfrom the parent,the new leg angle
insertedinsteadof the zero angle,andthe new flight nodeis appended.The last
foot placemennow is no longerat the centerof the stone;the relaxationprocedure
iteratively adjustsall leg anglesto keepeachfoot placementat the centerof their
respectre stonesandthefinal flight statethe same.

The adwantageof this relaxationis that the plansare muchmore errortolerant
sincethefoot is alwayslandingat the safestposition. The disadwantagds the mem-
ory and computationalexpense;eachnew partial plan requiresa new copy of all
parentstatesn orderto modify theleg anglesandarelaxationproceduras executed
on eachpartialplangenerated.

Thecostheuristic(taskfunction)for this plannergenerateascorefor acandidate
trajectoryfrom theapex positionz, theapex velocity i, andthelengthof the pathp:

I = Xg—T
Lo if k,@ > T,
Ty = { — T, 1 kT < Ty
k,Z,  otherwise
jflerr = :.Cd -z
score = —|Z| — |Terr| — Kip

Two constraint@arealwaysappliedto prunethesearchFirstis friction: assuming
Coulombfriction with coeficient x4, the leg anglemustlie insidethe friction cone
within anglearctan p of vertical. The seconds an artificial constraintthat the leg
anglebe closeto the impactvelocity. The closerthe angle,the lessthe leg angle
will changeduring stanceandthe betterthe impactapproximation.Leg anglesare
rejectedthatlie outsidea conedefinedby athresholdaroundthe velocity vector

5.5 Offline Planning

The goal of this thesisis developmentof on-line planning. However, a side experi-
mentwasimplementatiorof anoff-line plannerthatgeneratea policy for every state
onagrid by planningbackwardfrom thegoal. The plannerassumes constantotal
enepy, sothegrid coversa two-dimensionategion of the (z, #) planethatincludes
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Figure5.6: A policy for achieving a goal positionfrom ary statewithin a region of
the (z, 2) planeat a specifictotal enegy. The upperdiagramillustratestheleg angle
andthelower diagramthe numberof bouncego the goal. The horizontalaxisis the
x positionspanningd meterson a 1 cm grid, andthe vertical axisis the & velocity
rangingfrom -1 m/satthebottomto 1 m/satthetop. Thegoalis (x = 3, & = 0); the
whitediagonabandsarethepre-image®f five obstaclénoles. Thenarrav horizontal
barsindicatethe (unlabelledyangeof valuesin theassociatedmage.

the goal. The plannerperformsan exhaustve reversebreadth-firsisearchusingthe
stateson the grid, aninversemodel of the bouncephysics,andthe heuristicsfrom
theforward planner

Thesearcheginsby placingthegoalstateinto apriority queue At eachiteration,
the cheapespath (lowestcostto the goal) is removed. The pathis projectedfrom
that stateto its takeoff point, andthe leg anglesat that contactare evaluatedto find
all trajectorieson the grid that could possiblyreachthe state. The path cost for
eachpredecessostateis computedusing the heuristicsand comparedagainstary
previously found from that state. It the new pathis cheaperit replaceghe statein
thegrid andis addedto the priority queuefor possibleexpansion.This iteratesuntil
thequeueis empty

Theexperimentusedan800by 100grid at1 cmby 2 cm/seaesolution. Thepro-
cedureranin aboutanhouron a 133MHz Pentiumprocessqrwithoutary particular
attentionto codeoptimization.A sampleresultis shovn in Figure5.6.

Theresultwastestedon therobotby usingthe policy asalook-uptable. Enegy
wasregulatedto theconstantevel requiredby thepolicy, andoneachflight the (z, &)
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positionwasusedto index the correctleg anglefrom the policy table. The hopper
thensuccessfullycrossedhe five holesfrom a variety of startpositions. The chief
limitation was imprecisionin the enegy regulation; the enegy wanderedenough
aroundthe nominallevel to causea few failuresin maginal casesearthe edgesof

the holes. Ideally, a 3D tablewould be generatedo representhe policy for every

State.

5.6 Discussion

To somedegree, the opportunityto apply planning methodsto locomotionis at-
tributableto the advancein computerspeedsincethe Raibertwork. It is a trend
thataccountdor quite afew of theadvancesn thefield of robotics.But the simplic-
ity of theBow Leg mechanisnwasasignificantadvantagelt haspredictablephysics
thatallowedthe developmentof a physicalmodelcomputationallycheapenoughto
usein aplanner

A importantcreative constrainton the plannerdevelopmentwasa decisionto re-
guirerealtime operationthismeansoprecomputationo analyzeerrain,no off-line
searchesandthatpathsmustbe found while moving. This assumptionncorporates
atleastsomeof therealworld constrainthatterrainmaybe sensedt sufficientreso-
lution only asit is traversed.This alsolimits the scopeof algorithmsandencourages
thedevelopmenbf heuristics.

A generabrinciplefor plannerdesignis to take full advantageof themechanism;
thatis, exploit the discreteoperationandthe simplicity of the physicsto allow all
possiblemotions.Anotheris to aim toward naturalterrain.Laboratorysolutionsthat
dependon a planarmachineor on overly structuredworld might not generalizeso
thework mustembraceauncertaintythe eventualperceptiorof the ervironment,and
operationin realtime. The plannershouldconstantlybe testedon theactualrobotas
areality check.And lastis to strive towarda principledsolutionthatwill outlive this
hardware.

Theseprinciplessuggestea@ statespacegraphsearcho me. It doesneedto dis-
cretizethe controlsandtherebylosesfull generalitybut is simpleandunbiasedand
canwork in realtime. It may incorporatearbitrary constraintgo allow for varied
task expression. The incrementalforward searchsatisfiesreal time by finding ap-
proximatesolutionsquickly. Thesimpleterraindescriptioncanbe modifiedon-line,
allowing the eventualincorporationof on-lineterrainperception.
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Futur e Work

Eventually the Bow Leg Hopperwill include a movable hip usedto control body
pitch by configuringthe couplingbetweenthe groundimpulseandthe body torque
impulse.Thepitch couldbe simply regulatedat zeroduring execution,or anexplicit
pitch pathcouldbe generatedIt seemdik ely thatthe decoupledlanningapproach
will still work fine. Sincethe enegy in bodyrotationis muchsmallerthatenegy in
translation a pitch plan could be addedto the body plan by a modestadjustmento
the enegy planto accountfor enegy transferredo andfrom rotation. The hopper
will alsoincludeaBow Leg with partialenegy releaséghatmayretainstoredenegy
afterimpact. A decouplecapproackcould generatean enegy planbasedon terrain
contour Sucha planwould take the form of a function specifyingtotal enegy as
a function of terrain position,and would include retentionof enepgy in the leg on
descendinglopes. Using this function the body path could still be plannedwith a
one-dimensionatearch.

The existing plannercould be mademoreefficient by cachingresults. Sincethe
planneris intendedto continuouslycrossnew terrain, sucha cachewould needto
storeresultsas templatesthat could be appliedto similar terrain elsavhere. This
couldalsotake theform of alibrary of canonicakerrainconfigurationsaandprecom-
putedplans. It is concevablethat plansfor one segmentcould be parametricallyfit
to anotherterrainsegment.

A higherlevel problemis stratgic planning. An exampleis planningwith lim-
ited terraindata. If theterrainmapalwaysincludesthe goal, thenlocal planningis
sufficient. But a horizon on terrain perceptionrequiresstratgieslike “hop to the
edgeandlook across’or “make sureyou canbackout” This mayinvolve planning
contingencie®r acceptinghe possibility of catastrophidailure.

The plannersexploredin this thesisproduceplanswith a constantotal enepy.
Thechiefadwantagds thatthe plannemeedonly plantheleg angle;thesearchspace
is one-dimensionalThe chief disadwantages thatthe hopperhasan absolutdimit
onthealtitudeit canachiese,evenif theterrainrisesatamodesslopeandthehopper
could easilyaddenepgy to maintainconstanfall distance.Also, terrainis measured
locally, not globally, soabsoluteenegy is unmeasurableSoit is desirableo planin
termsof total enegy, but not necessarilyonstantotal enegy.

Herearesomesuggestion$or betterwaysto accomplishenegy planning:

e Usean explicit analysisof the minimum enegy requiredto crossa terrain
segmentto choosea lower boundon thetotal enegy, andheuristicallychoose
a desiredvalue someavhat greater This would tendtoward “minimal enegy
plans; but plan quality might suffer asthe lowestenepy statesarealsohigh
risk.
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e Varythedesiredotalenegy asafunctionof position. It couldbegeneratedby
apiecavisecorvex hull of theterrainor alocal averaging.Thesmoothingfac-
tor is relatedto the limits of the thrustmechanismideally, a large stepwould
affect the desiredenegy far enoughaway the hopperwould startbuilding up
enegy in anticipationandnot have to slow down.

e The desiredtotal enegy could also be slowly varied as a dynamicvalue of
anindividual plan. In the simplestcase wheneer the plannerfails to find a
solutionit could increasethe overall enegy goalandtry againfrom scratch.
Alternatively, eachsearchbranchcould be evaluatedat several enegy levels
andthe planquality usedto choosethe appropriateenegy goal. Similarly, the
plannercouldplanata constantevel but propagatehe enegy goalbackafew
stepsandreplanwhenthetrial planencounters big elevationchange.

e Theenegy addedateachbouncecouldbechoserfromtheentirecontrolrange.
Thisraisegheplanningspaceo two DOF perbounce.This couldfully exploit
the mechanismandmight solve somedegenerateaseshut the plannerwould
likely wastealot of time evaluatingplanswith similar averageenegy but with
minor variationsin theenegy level bounceby bounce.

Enegy planningcould alsobe incorporatednto the costfunctions;the enegy
consumedy a candidateesnegy planis a reasonabldasisfor comparison.Unfor-
tunately very low enegy plansareusuallyhighrisk plans.As discussegbreviously,
incorporatingthe expectedcostof failure in enegy termsis difficult both because
theprior probabilitiesof a planfailing is difficult to estimateandbecausé¢he costfor
failing caninvolveinfinities.
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Chapter 6

Experiments

Themajority of “experiments’performedduringdevelopmentof the Bow Leg Hop-
per prototypetook the form of testruns while delugging the controller software.
This chapterpresentsa samplingof theseperformanceslongwith a few more fo-
cussedxperiments.Roboticsis an engineeringdiscipline; theseexperimentswere
performedin the spirit of engineeringdevelopmentratherthanscientificdiscovery.
As such,the work did not include any comprehensie side-by-sidecomparisonof
differentmethodologies.

Experimentswith the machineinclude hoppingin place,runningat low veloci-
tiesacrosdevel ground,andcrossingobstacldfields composef “steppingstones”
separatedby “holes” in which the hoppermustnot land. In mary experimentsthe
steppingstoneswere all the sameheight,andin othersvaried modestlyor formed
gentlestairs. Thesteppingstonesveregenerallyarrangementsf patiobricks. Holes
weresimply designatedegionson thefloor with which contactmustbe avoided.

Overall, the prototypeexhibited excellentmechanicateliability: on nearlyary
day over the pasttwo yearsit could be turnedon and demonstratedising the lin-
earcontrollerto hopin placeor at moderatevelocity backandforth. The planner
however, was quite finicky anddependediponaccuratecalibrationof the effective
gravity, motor calibration, and the tuning of the heuristics. It was also the most
comple software componentandrequireda greatdeal of delugging effort to keep
runningin conjunctionwith therealtime system.

The first sectionpresentsa numberof hoppingtests. Following theseare more
specificexperimentgo documeninechanicaperformance.
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Figure6.1: Early experimentaldatashaving the centerof massrajectoryandtouch-
down positions. The top plot is run 97-03-26.1in which the hopperruns across
steppingstoneswith two gapsto a goal position. The bottomplot is run 97-05-03.3
in which the hopperapproaches hole andthencrossest. In both caseghe pitch

axisis clampedsothe hopperasonly 2 DOF. Theplannerin useis thefirst revision

with discretizederrain.

6.1 Performances

For theinitial testsof thehopperandplannerthepitch axiswasclampedattheboom
sothehopperhadonly 2 DOF. Two examplerunsareshown in Figure6.1.

Figure 6.2 illustratesthe first recordedrun with the pitch axis unclamped.The
top plot tracesthe body path;the remainderare plots versustime. The hopperwas
startedby lifting it by handanddroppingit at aboutthe 52 secondmark. The body
attitude(third plot) wasstabilizedentirely passvely; the slight positive biasreflects
a slight imbalanceof the ballastweight. Note that the leg angle (bottom plot) is
computedat the beginning of descentthenadjustedoncebeforeimpact. Thisis a
graphicdepictionof thelow controlbandwidthof the Bow Leg design.

The controllerstateindex (fourth plot down) illustratesthe operationof the state
machineusedo trackthetransitiondbetweerascentgdescentpre-impactandstance.
This is usedto signalwhen trajectorydatais available, whento committo a leg
anglesandwhento begin tensioningtheleg.
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Figure6.3is anotherearlyrun,in this caseusingthefirst revision plannerto jump
overasinglehole. Notethe“hunting” behaior attheendastheplannertriesto stay
in placeatthe goalby constantlyreplanningpathsfrom nearbylocations;theterrain
discretizatiorcausegplandiscretizatiorthatmakesthe hopperovershoot.

Figure6.4 shavsthe hoppertraversingfour holesusingthe secondevision plan-
ner. The holesarelocatedin theintenvals[1.0, 1.2], [1.4, 1.6], [1.8, 2.0], and[2.2,
2.4]. Thehoppermausedor threebounceon thestone[1.6, 1.8] asthe plannerfails
to find a plan for someunknovn reason. Note the pitch was proneto slow oscil-
lation in this run; the passve stability dependson the careful balanceof the ballast
weightandmayfail dramaticallyif thependulunfrequeng getscloseto thehopping
frequeng.

Figure6.5 shows the hoppertraversingtwo glassblocksanda trapezoidabrick.
Theglassblockswere8 cmtall, occupying theregions[91.500,91.673]and[91.800,
91.973],and definedwith a friction coeficient of 0.2. The top of the trapezoidal
brick was9.2 cm tall andoccupied92.150,92.228],definedwith the usualfriction
coeficient of 0.4. Thesefriction coeficientswerenot preciselydeterminedfor the
glassblock the valuewassimply reduceduntil the plannerstoppedusingleg angles
thatcausedhe blockto slip.

Figure6.6shavsthehoppettraversingatrapezoidabrick andapieceof wood2x4
balancedn edge.Thebrick was9.2 cm¢tall, positionedat[71.606,71.684],andthe
pieceof woodwas8.8 cm tall, positionedat [72.000,72.038]. This wasa dramatic
demonstrationbut only worked abouta third of the time dueto imprecisecontrol of
the hoppertrajectory However, evenin casesvherethe foot landedon the edgeof
thewood, the wood would be knocked away but the foot would simply hit the floor
insteadandthe hopperwould keeprunning.

Figure6.7 shows the hopperclimbing threegentlesteps.Thefirst stepis 5.8cm
tall at[61.410,61.600],the secondl1l.5cm tall at[61.710,61.900],andthe third
17.5cmtall at[62.010,62.200].

6.2 Mechanical Performance

Two differentleg positionerswere usedin the hopperprototype. The first wasan
actuatedubesurroundinghe Bow String,andthe seconda separatdarnesof two
stringsin a triangulararrangement.Figure 6.8 shavs the responseof the leg to a
seriesof control signal stepsusing eachmechanism.Normally the hopperhasno
directsensorfor foot positionbut at thetime a temporarysensomwasin placeusing
anindependenpair of stringsattachedo a potentiometerTheseplotsillustratethe
combinedeffects of the hobbyseno stepresponseslopin the control strings,and
ary slopin the sensorstrings. Thereasorfor theredesigns thatthe tubeapproach
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haszerolateralstiffnessat the goal point andwas proneto rattling aroundthe goal
during flight. The triangularharnesds much stiffer at the the goal point and this
experimentsuggestedhe positioningresponsevasno worse.

The controller estimateshody velocity using an estimatoras describedn Sec-
tion 4.3.2. Figure6.9illustratesthe performanceof the estimator;the top two plots
showv a casewith awell-tunedfeedforward vertical acceleratiorandthe bottomtwo
a poorly-tunedcase.In eachcasethe actualz velocity is constanduring flight; the
stepresponsef the qd. x lateralvelocity curve primarily reflectsthe performance
of thefilter.

For reason®f hardware availability the body pitch potentiometemwasnever re-
placedwith anencoderlndhences thenoisiestsensoiaxis. As aresulttheestimator
gainswere muchslower thanthe otheraxis; Figure 6.10illustratesthe operationof
thethetaestimatorasit averagesutthe electronicnoise.

6.3 Planning Performance Statistics

Figures6.116.12,and6.13presensomestatisticson the performancef the hopper
while usingthe planningcontrol. Sincethe plannerviews the hopperasa discrete-
time system eachdatumfor theseplotsrepresent®ncebounceor oneflight phase.
Figure6.11is ascatterplopf thedifferencebetweertheexpectedandobsenedape
position. Thisincludesresidualmodellingerroraswell asuncertaintiesn themech-
anism. Figure 6.12 shaws the performanceof the constantenegy regulation. Fig-
ure6.13is a histogranof thenumberof plannedbouncesuccessfullyperformedoe-
fore requiringa replan,eitherdueto excessve erroror simply finishing the planned
sequenceBearin mind, however, thateachunit represent®nebouncesequenceso
thebinsto theright represenincreasinglymorebouncegerunit. Thustheleftmost
bin hasthe highestvaluebut only representd 7% of thetotal numberof bounces.

The following datasetswere usedto generatehesestatistics: 98- 02- 21. 5,
98- 02-21. 8,98-04-01. 4,98-02-21. 7,98- 04- 16. 3,98- 04- 16. 4,and
98- 04- 16. 5.
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Figure6.2: DataSet97-05-07.1hoppingin placewith alinearcontrollet
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Figure6.3: DataSet97-05-07.3jumpingover holeusingplanner
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Figure 6.4: Data Set98-02-21.7 jumping over seriesof four holesusing planner
Between707and709it pause®n the stonebetweerthe secondandthird holes.
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Figure6.5: DataSet98-04-16.3hoppingontwo glassblocksandatrapezoidabrick,
usingplanning.
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Figure6.6: DataSet98-04-16.4 hoppingon a trapezoidabrick anda 2x4 on edge,
usingplanning.
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Figure6.7: DataSet98-04-16.5¢climbing threegray brick stepsusingplanning.
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Figure6.8: DataSets98-01-26.1and98-01-27.2illustrating the leg stepresponse
usingatemporaryleg positionsensor Thetop plot usegheoriginal positioninglever
with atubearoundthe Bow String, the bottomplot the triangularharnesswith two
strings. The samesequencef stepswasusedasthe controlsignalfor eachtest.
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Figure6.9: DataSets98-04-16.3top two plots) and98-04-01.4(bottomtwo plots),
illustratingthe velocity estimatoiin awell tunedanda poorly tunedstate.The steep
verticalin the'Y velocity resultsfrom a feedforward estimateof stanceacceleration;

thedownslopeshouldbe a straightline duringflight.
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Figure6.10: DataSet98-04-16.4jllustrating operationof the thetafilter. This axis
is passvely stabilized.
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Figure6.11: Apex positionerror over 101 bouncegaken from seven experimental
runs. The erroris the differencebetweenthe expectedpeakpositionandthe actual
peakposition,andrepresentshe errorin planexecutionthatmustberejected.
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Figure 6.12: Histogramof enegy regulation errorsover 101 bouncestaken from
sevenexperimentakuns. The unitsarem? /sec? to normalizefor machinemassithe
typical enegy goalis about2.0.
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Figure 6.13: Histogramof the durationof plan executionusing 33 subsequences

totaling 76 bouncedrom seven experimentalruns. Eachsubsequencendswhena
replanwasrequired;the histogramplotsthe distribution of subsequendengths.
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6.4 Accelerometer Measurements

This sectiondocumentsan experimentto measurdhe accelerationgxperiencedy
the hopperbody during stance.The intentwasto validatesomemechanicablesign
assumptiongentralto the simplicity of the Bow Leg idea. Theseassumptionsre
thatthefreely pivoting hip locatestheleg forcesalongtheleg axisandthelow-mass
footandleg minimizeenegy lossesgduringtheinitial groundcontact.Furthermoreit
wasexpectedthatthe leg would have relatively constanforce, meaningstancetime
would be proportionalo thefall distance Oneunknavn waswhetherodyvibration
wasa causeof parasiticenegy dissipationthis experimentdid not measureheloss,
but offeredsomeevidenceasto the magnitudeof the vibration.

Thefollowing dataweretaken January28, 1999. A pair of accelerometergere
mountedonthehopperbodyandtheoutputmeasureavith adigital oscilloscopeThe
sensorsverecalibratedto approximately0 Volt equalto 0 acceleratiorand500 mV
equalto one earthgravity. The measurementaere madeusinga pair of IC Sen-
sors 3021-020-Paccelerometeramplified by a Measurement§sroup 2120 Strain
GageConditionerinstrumentatioramplifier andrecordedwith a model TDS 410A
Tektronix scope. For all but one case,the sensorsvere mountedon the constraint
boomnearthehopper

The completesetof recordingsncludedthefollowing:

1. Seriesof recordingsfrom droppingthe hopperby hand,no batteryinstalled,
with thegravity compensatiospringin place:

2. Shortseriesof recordingsfrom droppingthe hopperby hand,no batteryin-
stalled,with thegravity compensatiospringslack.

3. Seriesof recordingsfrom droppingthe hopperby hand,batterynot installed,
the gravity compensatiospringin place,recordingonly Y but at a finertime
scale.

4. Seriesof recordingsmadeat differenttime scaleswhile the hopperwashop-
pingin placeusingthelinearcontrolalgorithm.

5. Seriesof recordingsdrom droppingthe hopperby hand,batteryin place,with
the gravity compensatiospringin place,with the leg anglesetto avalueand
the controllerin calibrationmode. The free-fall measuremenfcompensation
springforce)was394 milli volts.

6. Two recordingdo illustrateimpulseresponsef boththebodyandboomstruc-
tures.
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Figure6.14: X andY accelerometeoutputs falling from 40 cmin reducedgravity.
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Figure6.15: X andY accelerometeoutputs falling from 80 cmin reducedgravity.
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The first pair of recordingsshavn in Figures6.14 and 6.15 were taken during
impact after droppingthe hopperby hand. The batterywas not installedin order
to measurdhe responsendependentf any batterymountvibration. The effective
gravity was reducedby the compensatiorspring. The plot was generatedy the
oscilloscopdrom the screerdisplay;thetwo cursorsweremanuallypositionedover
the apparenteginning and end of the impactandthe meanand areacalculations
performedby thedevice. Sincetheaccelerometeraerecalibratedto approximately
500mV equalto oneearthgravity, the scalingis the1 V is equalto 19.6m /sec? and
1 V-seconds equalto a velocity changeof 19.6m/sec.

In the two figures,the upperplot is the lateral acceleratiorand the lower plot
thevertical. Theleg waspositionedstraightdown sothe averageateralacceleration
labelled"C1 Mean”is nearzeroasexpected.Ringingis apparenin bothdimensions
during stanceand extends40—-60msecafter takeoff. Sincetheleg is about25 cm
long, Figure 6.14 representapproximatelya 15 cm fall; asshown by the average
Y accelerometevaluelabelled“C2 Mean; theleg exertsabouta 6 G force on the
body Thevalue“C2 Area” reflectsa net velocity changeof about2 m/sec. Fig-
ure 6.15representa 55 cm fall; the averageaccelerationncreasedessthan 10%,
consistenwith a nearly-constanleg force. Sincethe impactvelocity is —/2gAy,

theexpectedvelocityincreases |/55/15 whichis equalto 1.91,very consistentvith
themeasuredatio of 1.92.

Figure 6.16 represents passve fall with the gravity compensatiorspringheld
slacksothehopperfallswith 1 G accelerationTheverticalacceleratiorf*C2 Mean”)
is lower thanin Figure 6.14 sincethe leg force is more balancedby gravitational
force. The total velocity change(“C2 Area”) is aboutthe sameasthe longerfall
of Figure6.15; consideringthe differencein altitudesthis implies the compensated
acceleratiorwas 26% of G; unfortunately that value was not otherwisemeasured.
The initial lateral vibration is worse but the body ringing time is aboutthe same,
consistentvith observinga freevibration of the structure.

Figure 6.17 was taken at finer time scale(5 msec/dv) from a 50 cm altitude
(25 cmfall). The stancetime is about43 msec. Theleg forcesapparentlyjoad and
unloadin justafew milliseconds.

Theeffect of theleg anglemaybe seenin Figure6.18. The hopperwasdropped
by handfrom 50 cm altitude with the controller holding the leg at the 0.30 radian
position. For the motorto functionthe batterywasinstalledsothe body hadslightly
highermass. The expectedratio of velocity impulsesis tan(0.3) = 0.31; themea-
suredratiois 0.044/0.101 = 0.44 whichis higherthanexpected.

Figure6.19illustratesseveralimpactswhile hoppingin placeusingalinearcon-
troller. Thescaleis 200msec/dvisionandthemeasuredaycle timeis 756 msec.Fig-
ures6.20and6.21presentaclose-upview of atakeoff andlandingat2 msec/dvision.
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Figure6.16: X andY accelerometeoutputs falling from 40 cmin full gravity.
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Figure6.18: X andY accelerometeoutput,falling from 50 cm, leg angleof 0.30.
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Figure6.19: X andY accelerometeoutput,hoppingin place,200 msec/dv.
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Figure 6.20: X andY accelerometeputput shaving landing, hoppingin place,
2 msec/dv.
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Figure 6.21: X andY accelerometeputput shaving takeoff, hoppingin place,
2 msec/dv.
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6.5 SpecificResistanceMeasurement

This sectiondescribesan experimentto measurdhe specificresistanceof the Bow
Leg Hopper Specificresistanceas a dimensionlessnetric usedto characterizeéhe
enegy consumptiorof avehicleoverlevel ground[GvK50] [Tuc79 [GAB97]. It is
closelyrelatedto the“net costof transport”[Ale77], andmaybedefinedasfollows:

B Power
" Weight - Velocity

In aidealfrictionlessworld this value could be zero. For mostvehiclesit is a
function of velocity; i.e., asthey go fasterthe power consumptionsn't linear with
velocity.

Theexperimento measuraspecificresistancéunctionfor theBow Leg Hopper
wasperformedasfollows. A low-valueresistorwascalibratedandinstalledin series
with the batterythat suppliesthe power to the thrustandleg positioningmotors. A
digital oscilloscopevasattachedacrossthe resistorin orderto measurehe voltage
drop and infer the currentconsumption. The batteryvoltagewas measuredand a
seriesof runsperformedat differentvelocities.For eachrun the power consumption
was measuredising the oscilloscopeto calculatethe averagecurrentover several
hops.Thedatawascollectedonly afterthehoppertmadbouncedsereraltimesin order
to reacha speedequilibrium. Sincethe batteryvoltagedecreaseduring operation,
the batteryvoltagewas measuredgainafter eachsetof runsandan averagevalue
usedin the power calculation.

The senseaesistorwasdeterminedo be 0.04542 by connectingt to a variable
supplyandtakingthe least-squarest of the measuredioltagedrop at five different
currentlevels. The hopperweightwasmeasuredit 6.99 N usinga scaleunderthe
foot; this measuredhe weight of the combinedhopperand boomin the reduced
effective gravity, assupportedy thefoot.

The quiescentandhopping-in-placeconsumptiorwere measuredirst. The qui-
escenpower is the consumptiorof the motorswhenno control pulsesareapplied;it
averagedl5 mW. Thehopping-in-placgower averagedb.57W.

The specificresistancasa function of velocity wasmeasuredn two sets. The
resultsappeain Figure6.22with the setsindicatedby differentsymbols.The power
consumeds nearlyindependentf hoppingspeedasshavn in thetop graph,which
leadsto aresistancehatdecreaseat higherspeeds.

It shouldbe notedthatthis experimentmeasuredhe full power consumptiorof
the motors, not just power deliveredinto kinetic enegy. Most of the enegy con-
sumedwasexpendedby the thrustmotor holding a steadypositionagainstthe load
of the string, not doingwork on theleg. If only kinetic enegy is consideredthe
valuemaybeestimatedasfollows: ahoppermweighing7 N hoppingto 50 cm altitude

S.R

(6.1)
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(25 cmfall) hasl.75Jkinetic enegy atlanding; makingup for the 20%leg lossre-
quires0.35J percycle; assumingflight time approximately800msechisrequiresa
power of 0.44W. Theleg swingrequiresminimal power, asconfirmedby bothdirect
obsenation andthe resultthat the power consumptions relatively independenof
velocity. Thespecificresistancés theninverselyproportionalto velocity: at1 m/sit
is 0.06,at0.5m/sit is 0.12,andat 0.0 m/sit is co. This theoreticalresultsuggests
thatmechanicaftedesigmmight substantiallimprove power efficiency.
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Figure 6.22: Resultsof the specificresistancesxperiment. The top plot shows the
averagemotor power as a function of velocity. The bottom plot is the computed
specificresistancehasedn supplycurrentmeasurement.
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Chapter 7

Discussion

This thesisaddressesa mélangeof topics: path planning, discretecontrol, system
modelling,programmablenechanisndesign andterrainanalysis.Theunifying idea
is “leggediocomotion’—byfocussingonthedemonstratiowf locomotiontaskswith

a particularnovel hardwaredesign,all of theseideasaredevelopedandthe connec-
tionsbetweerthemexplored. To placethiswork in contet, the discussiorbeginsby
consideringherelationto previouswork in locomotion.

7.1 RelatedWork

The field of dynamicleggedlocomotionis not terribly large. As a result, mostof
therelatedwork consistsf otherefforts to build runningmachinesAlso relatedare
juggling efforts, which have similar dynamicpropertiesandsomeplanningresearch.

7.1.1 MechanismsThat Run

Therehave beenseveral efforts to build running robots. Matsuoka[Mat80Q] built a
planarone-lgggedhopperthatoperatedn low effective gravity onaninclinedtable.
The machinehada shortstancetime, with thrustprovided by a high-forceelectric
solenoid.The following is quotedfrom [Rai86], asl wasunableto find the original
sourcematerial[Mat79]:

Matsuokawasthe first to build a machinethat ran, whererunning
is definedby periodsof ballistic flight with all feetleaving the ground.
His goalwasto modelrepetitive hoppingin the human.He formulated
amodelconsistingof a bodyandonemasslesteg andhe simplified the
problemby assumingthat the durationof the supportphasewas short
comparedvith the ballistic flight phase.This extremeform of running,

127



for which nearlythe entire cycle wasspentin flight, minimizedthe in-
fluenceof tipping during support. This model permittedMatsuokato
derive atime-optimalstatefeedbackcontrollerthatprovidedstability for
hoppingin placeandfor low speedranslationgMatsuokal979).

To testhis methodfor control, Matsuokabuilt a planarone-leggged
hoppingmachine.The machineoperatedatlow gravity by lying onata-
bleinclined10° from the horizontalrolling on ball bearings An electric
solenoidprovided a rapid thrustat the foot, so the supportperiodwas
short. The machinehoppedin placeat aboutl hop/sandtraveledback
andforth onthetable.[Rai86]

Following Matsuokawerea seriesof runningmachinegproducedoy Marc Raib-
ert'sLeg Lab [Rai86], first at Carngjie Mellon Universityandthenat MIT. Thefirst
machinewasa pneumaticallyactuatedglanarmonopod.Following werea hydrauli-
cally actuated3D monopod planarbiped,3D quadrupedand3D biped. Eachused
atelescopindeg with aninternalair springfor compliancan serieswith ahydraulic
thrustactuator Experimentgerformedwith thesemachinesncludedlow andhigh
speedunning,jumpingover obstaclesc¢limbing stairs,anda forwardflip. Two ma-
chineswith revolute joints were the planarmonopodand the planarUniroo. The
planarmonopodusedrevolute joints at the hip and ankle and a flexible fiberglass
leaf springfor afoot. Thefoot providedthe compliancefor hopping,andwasactu-
atedhydraulicallythrougharigid tendon. The Uniroo [Zeg91] addedrevolute knee
andtail joints, anduseda rigid foot actuatechydraulicallywith a complianttendon
composedf steelsprings. Gill Pratthow headsthe MIT Leg Lab andis working
on topicssuchasseries-elastiactuationfor locomotion[PW95] andvirtual model
control[PDP97].

All the Raibertmachinesvere controlledby the samebasicdecompositiorninto
threeindependenlinear controllers:forward velocity controlledby foot placement,
hoppingheightcontrolledby thrust,andpitch controlledby hip torqueduringstance.
TheUniroousedts extradegreeof kneefreedomto minimizekneetorqueby keeping
the kneealongthe line betweentoe and hip. In all Raibertmachinesthe control
involvedhigh forceandpower during stance.

Following Raibertareseveralexamplesof electricallyactuatechoppersPapanto-
niou constructedh one-lay electricallyactuatedglanarhopperwith aleg constructed
from afour barlinkagewith atensionspring[Pap91]. The motorfor thevertical os-
cillation usedaselflocking leadscrav. He consideredhelinkagedesignproblemat
lengthin orderto limit theforcesontheelectricmotorswhile maintainingreasonable
kinematics.

Martin Buehlers groupat McGill alsomovedto electricmotorswith a one-ley
planar hoppersimilar to Raiberthoppersbut with electric motorsinsteadof hy-
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draulicsanda metalspringinsteadof anair cylinder [GAB93]. Themachineuseda

Raibertstylethree-parcontrolmodifiedto distributethrustoverthe hoppingcycleto

accommodatéhelower power electricmotors. They alsoaddedcompliancen series
with the hip actuatorto createan oscillationto sweeptheleg [AB97]. This madethe
leg sweepmoreefficient but requiredcontrolto synchronizehe hip oscillationand
theverticalhoppingoscillation.

BerkemeierandDesaiat BostonUniversity designecanelectricallyactuatedeg
with threerevolutejoints that usesan electricmotor coupledwith elastictendongo
drive the foot [BD96]. In this paperis discussedhe designandopen-looponeDOF
testing.

LebaudyProsseandKamatDrexel designednelectricallyactuatedelescoping
leg constrainedo the vertical [LPK93]. It incorporateda DC motor driving a ball
scrav in serieswith a steelspring. The goal wasto testdifferent vertical height
controllers. Their controllercomputedthe inverseof an approximatemodelof the
bouncethenaddedntegral errorfeedbacko compensatéor varyingbodymass.

RobertRingroseat the MIT Leg Lab hasdevelopeda self-stabilizinghopping
monopodpoweredby a singleconstanspeednotorthatregulatesaltitudeandbody
attitudeusingpurely mechanicafeedbacRin96|[Rin97]. He shawvs the conditions
underwhich the altitude oscillationwill phase-lockio the excitation. Simply put,
whenhoppingtoo low, the foot landsearly andthis allows morework to be doneby
themotor, whichincreaseshealtitudeandbringstheverticaloscillationcloserto the
motor phase.A similar principlesregulatesthe upperdisturbancesThe schemds
verysimilarto thejugglerdescribedn [SA93]. Theattitudestabilityis providedby a
large, curvedfoot thatis shapedo causearestoringtorqueof reasonablenagnitude
for eachpossiblepitch error.

Thereis a substantiabody of work analyzingandsimulatingleggedrobots.One
relatedexampleis a studyby Lapshinat the RussianAcademyof Scienceghatan-
alyzeda hoppermodelwith a telescopingeg attachedo a body with an actuated
weight[Lap92]intendedo controlpitch. He developeda formal analysisof hopping
heightandforward speedcontrolthatconfirmsRaiberts methods.

7.1.2 Bow Leg Mechanism

TheBow Leg Hopperhasa morphologydictatedby the processof running: it hasa
body, aleg, andaspringfor enegy storageln mary waysthedesignis adescendant
of thework of Marc Raibertandthe othersdescribedn the previous section.How-
ever, thefreely pivoting hip andthe passve body stability area profounddeparture.
Thefreehip decoupleshebodyfrom theleg disturbanceorquesandenableghe
passve stability createdby placingthe body massbelow the hip. The free hip also
allows controlusinglow-torquekinematicreconfiguratiorduringflight. Theseideas

129



extendbeyondthe Bow Leg andcouldbeappliedto otherleg designs However, the
Bow Leg also hasthe efficiency and low massthat minimize the power andforce
requirementandenablethe machineto operateusingon-boardbatteries.

Anotherkey differenceis the useof the leg for enegy storage.By moving the
enegy inputto theflight interval the peakpower is greatlyreduced.This is anidea
thatcouldbewidely appliedto othermechanismsvith intermittentcontact.

Like much otherwork the prototypeswere limited to a plane. This simplifies
3D engineeringoroblemssuchascontrolling yaw androll or sensingposefrom an
autonomousrehicle. Relatedwork [Rai86] hasshavn that 2D locomotionresults
transferwell to 3D.

The hoppercanoperatewith the basiclinear controloutlinedin Chapter4 or the
planningsystemin Chapters. Thelinearcontrolis very similarto Raibertthree-part
control: the enegy regulationis similar to the Raibertaltitude control andthe foot
placements the sameasthe Raibertrunningspeedcontrol. The third part, attitude
control,is performedmechanicallyia the passve body stability.

The mostobvious control differencegesultfrom the displacemenbf controlto
flight, which reduceghefeedbackrateto onceperbounce.The physicsis rephrased
asa mappingfrom one trajectoryto anothey andthe control as computationof a
discreteparametewector A sidebenefitis that sensobandwidthis muchlower in
theabsencef high-speedeedbackoops.

However, the emphasif the control hasshiftedfrom controlling a steadystate
oscillationto performingintricatetasksby dextrouscontrolof eachstep.Thenew ap-
proachis basedon physicalmodellingandstatespacepathplanning. Somedemon-
strationsperformedby previous machinegrunning, stairs,etc.) were repeatedout
with aminimum of specialprogrammingthe humanspecifieshetaskasa few con-
straintsandthe machineautomaticallygenerateplansfor avarietyof performances.
This is a steptoward automaticsolution of naturalterrain, treatedin the following
section.

7.1.3 RoughTerrain Locomotion

Thereis agreatdealof literatureconcernedvith thenavigationof roughterrainusing
staticallystablewalking machinesHowever, this body of work is largely concerned
with topicsnotrelevantto dynamiclocomotion,suchasselectionof foot placements
givenakinematicbody pathor leg force controlfor terrainadaptatior(e.g.[Hir84]).

The most significantbody of work relatedto dynamicterrain navigation was
performedby JessicaHodginsand Marc Raibertas documentedn her Ph.D.the-
sis[Hod89 andseveralpaperdHod88][HR91]. Thethesisnamesmary of thegen-
eral issues,then focuseson the problemof controlling steplength as a necessary
precursoto placingafoot at precisdocations.
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The work addressethreeapproacheso controlling steplength: control of for-
ward speedfrunningheight(i.e., vertical speed)andstanceduration(i.e., leg stiff-
ness). Forward speedand running height are two parts of the Raibertthree-part
control, and the stancedurationinvolves mechanicaladjustmentof the leg spring
pneumaticpressure. The difficulty lies in adjustingarny one of theseparameters
without disturbingthe stability of the otherindependentontrol loops. The work
includesanalysesandexperimentsdo measurahe precisionof the differentmethods
and concludesthat “the forward speedmethodproducedthe widestrangeof step
lengths:. [HR91]

The work alsousessteplengthcontrol to addressa few laboratoryterrainprob-
lems. The problemof steppingon a single point is solved by coming “in-phase”
with theobstacléby adjustingthe steplengthsoverthefew flights prior to landingon
the point, eitherincrementallyor on oneparticularlanding. Similarly addressedre
leapingover a singleobstacleandclimbing anddescendinghreesteps.

For the Bow Leg Hopper the steplengthproblemis addressedsingthe empiri-
calmodeldiscussedh Chaptef3 to computethe controlparameterthatwill resultin
the desiredflight parabolaandthuscontrol the steplength. This is simplerwith the
Bow Leg mechanisnthanthe Raibertmachinesinceenegy anddirectionalcontrol
arephysicallydecoupled.Essentially the takeoff velocity vectorcanbe controlled
in the polar coordinatef magnitude(relatedto enegy) anddirection,whereaghe
Raibertformulationinvolvedthe Cartesiarcoordinate®f horizontalandverticalve-
locity. The polar formulationreduceghe couplingbetweenthe control axesasthe
steplengthis varied. The side effect is thatthe steplengthandhoppingheightare
constrainedy thetotal enegy, which hasadynamicrangelimited by thedissipation
andthrustlimits.

Thedifferencein theterrainexperimentdss oneof generality The Hodginswork
examinesspecificpatternsof steplengthadjustmentismotivatedby animalandhu-
man experiments. In contrast,the planningalgorithmin this thesiscan consider
ary pathcompatiblewith thedynamicsandtheterrain(subjectto time andheuristic
limitations). In principle this approachcould produceary of the Hodginssolutions
giventhe right costfunctions. The planningsolutionalso consideramultiple con-
straintsalongthe pathandcanoperateon arbitraryterrainwithin someassumptions.
Of course,accommodatingll casesn a generalapproachs difficult. This thesis
doesnt fully answerthe problemof generality;someof the Hodginsexperiments
werelooselyreplicatedwith the planningcontrol (stairs,single foothold, etc.),and
the othersinvolve only moderatelymore comple terrain(i.e. six or tenirregularly
spacedevel steppingstones).

Part of the benefitof the Bow Leg is the simplicity of the dynamicsthat makes
the closed-formempiricalmodelspossible.However, this is not the first attemptto
modelaleg in closedform. SchwindandKoditscheklSK97] have an approximate
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closed-formanalysisof a simplified hopperwith a finite stancetime for particular
leg potentialfunctions. However, the choicewas madefor this thesisto solve the
problempragmaticallyasoutlinedin Chapter3.

7.1.4 Biological Studies

Therehave beena numberof studiesof the biomechanicof running behaior in
both animalsand humans. The topics have includedkinematicmeasurementen-
ergy consumptionand efficiency, andinferenceof control strateies. Much of the
difficulty is simply acquiringdataaboutthe internalstateof the creaturefrom exter-
nal measurementsuchasimagesforce platerecordings and oxygenconsumption
[AV75] [McM84]. In afew casesdirectinternalmeasurementsave beenpossible
[RMWT97].

The Bow Leg Hopperis only looselymodeledon biological systemsandsothe
fundamentalssuesaresharedout mary of the detailsof thesestudiesareonly sug-
gestve. For example Warren[WYL86] studiedsteplengthregulationin humansun-
ning on atreadmill,anddeterminedhey primarily controlledsteplengthby varying
verticalimpulse. As describedabore, the Bow Leg Hoppercontrolsthe magnitude
anddirectionof takeoff velocity sothe problemis castin differentterms.

Theimportantrolesof elasticityandnegative work in animallocomotionis well-
recognizedCHT77] [McM85]. Right on the boundarybetweerthe roboticslitera-
ture andthe biologicalworld is an paperby Alexander[Ale90] thatdiscusseshree
fundamentalisesof springsin leggedlocomotion: verticalrebound Jeg sweepand
foot contact.The paperdiscussesheideaof negatve work in leg actuatorsandpro-
posesvarioussolutions,emphasizinghe useof alargeleg spring. TheBow Legis a
responseo this work by simplifiesthe entireleg down to a singlelarge spring. The
ideaof aleg sweepspringthatwould conseratively accelerateanddecelerat¢éheleg
sweepis not addresseth this thesisbut hasbeenanalyzedoy AhmadiandBuehler
[AB97]. Thethird springapplicationis the foot pad,whichis answeredn the Bow
Leg designby having alow massfoot anda simplerubbercovering.

7.1.5 Planning

Most of the pathplanningwork discussedn Chapters is concernedvith choosing
heuristicsthatnarrav the searchspacesufficiently for the plannerto operaten real
time. Thealgorithmitself is standardput the factthatthe systemis realtime means
it may be seenasan elementarycaseof ananytimeplannerasdefinedby Deanand
Boddy [DB88] [BD89]. The algorithmis time-dependensinceit haslimited time
available (i.e., the flight interval) and producesesultsthatimprove with increased
computatiortime (i.e., asthe searchdeepens)The costfunctionallows the planner
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to selectsuccessiely betterresultsandutilize thebestresultfoundsofaratarny point
in theplanningprocess.

However, thesystendoesnt useary form of metalevel control,e.g. performance
profiling as a meansof allocating computationtime, or more elaboratemethods
[ZR93]. Thereasonis thatthe time availableis determinedsolely by the physical
stateof the machine not by the planningprocess.Thereis no choiceto actearly so
thereis notradeof betweerearlyterminationof planningandincreasegblanquality.
Rather the costof computationis opportunitycost: a fixed time that can be spent
usingwhateveralgorithmwill producethebestresultin thatinterval. Giventhatonly
oneplanningalgorithmwasimplementedthis choiceis trivial. Still, theanytime for-
mulationis corvenientsinceno explicit attentionmustbepaidto estimatingplanning
time; the control outputis availablewheneer the hopperneedst. A goodgeneral
referenceon theseissuesvaswritten by Zilberstein[Zil96].

Likewise,the planningsystemexhibits aninterlearzing of planningandexecution
[Nou97], againwithout metalevel control. Interleaving hasseveral purposes.The
generaluseis to simplify planningproblemsby computinga partial plan up to a
subgoalthenactually executingit beforecontinuingplanning. This canenablead-
ditional sensingto further refinethe planningproblemor accommodat@ncertainty
in execution. It canalsoenablea time-dependentradeof on plan quality, or allow
“pipelining” if computatiorcancontinueduringexecution.

Thehopperplanningsystemis primarily governedby the flight time limit but in
thecourseof operatiormakesuseof theseproperties.Thesubgoalsarenotexplicitly
choserbut aresimply the bestsolutionsfoundaftereachplanningepisode Sincethe
hoppermustexecutethe planimmediately nenv sensedatais obtainedandthe next
planningiterationmay begin from a new state,presumablycloserto the goal. This
processcould be improved, however, by more explicit attentionto time-dependent
planning.Thegraphicalmethodgposedn Chapte couldbeusedto generatenter-
mediategoalsor to suggesskeletonplans. It would be worthwhile allocatingtime
betweena long-rangecoarseplanningprocesghatfinds globally feasiblepathsand
the short-termfoot placemenplanning. Eachof theseprocessesvould needto be
structuredasinterleaved planningto accommodatéheinflux of terrainsensedata.

Therehasalsobeensomework in the graphicditeratureplanningsimulateddy-
namic motionsacrossterrain[HvdP9q. The designconstraintsare differentsince
plannersfor graphicsdo not needto operatein realtime andthe simulatedsensors
are usually precise. The Huangand Pannepapercited presentssearchalgorithms
that plan dynamicmotionsfor a Luxo lamp andan Acrobot. A low-level control
searchslicestime into uniformintervals,anda high-level terrainplannerchoosesan
orderedsequencef actionsfrom asetof five typesof jumpingmotion. Theresulting
searchallowsthe simulationto anticipateterrainfeaturesput runsmuchslowerthan
realtime. In contrastthe Bow Leg plannertakesadwantageof the periodicnatureof
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hoppingto producea significantlyshallover searchreeandworksin realtime asthe
hoppemoves.

7.1.6 Other Mechanisms

Thereareseveralotherlines of work thatdesere mentionfor inspiring someof the
principlesembodiedn theBow Leg Hopper

Jugglingis hoppingturnedupsidedown. In thejuggling domain Koditschekand
his studentsat Yale andUniversity of Michigan have developedsurprisinglysimple
“mirror law” controlstratgiesfor bouncguggling. In [BRK99] is discusse@nidea
for backchainingocally stablecontrol laws from a goal to guaranteecorvergence
over a large domain. The hoppinganalogwould be to constructa setof functions
for known terrainthatmapevery hoppertrajectoryto a subsethatmovestowardthe
goal. A partialsolutionthataddressefoot placements discussedn [SK95].

Anothermanipulationexampleis WesHuangs thesison impulsive manipulation
[Hua97], concerninga sliding objectmanipulatedby an actuatorthat delivers pre-
cisely calibratedtaps. The actuatorwas controlledby storing enegy in a spring,
positioningit nearthe object,andreleasinga smallhammer This actuationusesa
similar principle asthe Bow Leg sinceit is programmedat low power to control a
high-enegy event. The modellingdifficulty is backwards,though,sincethe “flight
phase’slidingacrosghetableis difficult to predictandthe“stancephase’duringthe
actuatorcollisionis relatively well understood.

TadMcGeerat SimonFrasetUniversityhasdevelopeda seriesof passve bipedal
walkersthatwalk down fixedangleslopesusingpurelymechanicaleedbackMcG89]
[McG9(]. Although this dissertations concernedwith running, not walking, this
work deseresparticularmentionfor its appealingsimpledesign.

Finally, an amusingextreme of the hopping machineliteratureis the hopping
tank describedn the patent[Wal]. Theillustrationsdescribea cylindrical armored
body large enoughto carry six gunnersanda pilot. A singletelescopingeg may
extendfrom the bottom of the body to lift it off the groundandhop acrossrough
terrain. The leg is poweredby internal fuel comhustion using a two cycle Diesel
principle: the groundimpactcompressethe fuel-air mixture, which comhustsand
expandsto performwork during liftoff. The body haslarge gyroscopedor attitude
stability. Despitethefanciful conceptandillustrations,the machinedoesincorporate
a self-timing principle similar to the Bow Leg; insteadof the Bow String slipping
off a pulley to releasdeg enegy, the fuel mixtureis compressedo the comhustion
conditions.
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7.2

Futur e Work

The mostexciting future work would be developmentof anuntetheredD Bow Leg
Hopper However, someotherinterestingexperimentsor the planarversionwould
beasfollows:

Demonstrateicherterraincrossingaskswith steepstairs,highwalls,andnar
row footholds.

Definegaitsasconstraintontheplannere.g.“alternateshortandlong steps.

Simulatethe useof terrainsensingoy modifying theterrainmodelduring exe-
cution. The planneroperate®n-line sothis would bea modestextension.

Try storingsubstantiaénegy in horizontalmotion. This enegy couldbeem-
ployedfor hill climbing or long jumping, or corvertedto vertical motionin a
“pole vaulting” mode.

OverheadobstaclesThis constrainghe hoppingheightandmight force trad-
ing off verticalvelocity for horizontalvelocity.

Tilted steppingstones.Theseare stoneswhich are straightbut inclined at an
angle.

GymnasticsPerformaforwardflip. Kick bounceoff awall.

The plannercould further develop along several avenues.The planningprocess
could include uncertaintyestimatego indicatepotentiallyrisky plans. The planner
could considerenegy constraintsso planswould anticipatemaneuersthatimpose
boundson total enegy. A maneuer suchas crossinga high wall might require
severalbounceso build up highenegy. Similarly, runningunderanoverhangmight
requireseveraldissipationstepsto reducethetotal enegy. Theterrainmodelwill be
refinedto includeobstaclesuchaswalls or overhangs.

Someotherinterestingguestions:

1.
2.

Whatwould betheadwantageof addingatail?

Couldtheleg have a springloadedsweepmechanisnior high speedravel?

. Couldnon-contacpitch controlmechanisms.g.,reactionwheels beusedfor

stability with extremelylong flight times?

. Couldthe body be free to rotatemorethan2=? Could significantenegy be

storedin bodyrotation?
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5. Could pitch be controlledby a springmechanisnthat exertstorquesdirectly
ontheleg? Couldthe Bow Leg springitself be usedfor this usingtangential
loading?

7.3 Comments

An underlyingmessagef this dissertationis to pay careful attentionto mechani-
cal design. The Bow Leg designelegantly fits the problem—itis efficient, stable,
andenenqetic. It is a programmablanechanisnthat extendsthe control pathfrom
computationto electricalactuationto mechanicalctuationthat appliesspringand
bearingforces.By consideringhe entirepathway the designtakesadvantageof the
dynamicsto handlehigh mechanicapower with very low controlpower.

This programmablenechanismdeais not unfamiliar; designerf low-costde-
viceslike answeringmachinedrequentlyusecomplex camsand small actuatorgo
controlmechanismpoweredby a singlemotor. But applyingthe samenotionto dy-
namicsystemslJik e fast-mawing runningrobotsor manipulatorscanshift dynamic
controlinto the mechanicatealmandachieve a balancebetweenactuatorsandthe
naturaldynamicprocesses.

Onabroademote,the Bow Leg mimicsanessentiallybiologicalactvity without
mimickingbiologicalform. It alsoperformsaroboticfunction—computecontrolled
activity—while confirmingthata robotis morethatjust a computerinterfaceto the
world. The lessonis that medhanismcan think. We canuseour insightto choose
themechanisnthatinteractswith theworld with thebehaior we need;amechanical
oscillatorwith the right feedbaclkforcesis a computerthat directly connectsaction
andcomputation.

Ultimately, thisdissertations aboutafutureof practicalleggedrobotsthatextend
our ability to sendmachinego ary cornerof this world or another TheBow Leg is
anelegantlysimpleideathatcanmake this future happen.
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Appendix A

Symbols

PhysicalConstantandMachineParameters

T e I

bodymass

sameasM
gravitationalacceleratior{effective)
leg springrestitution(vy, /vn;)
stiffnessof alinearspringleg

forceof aconstanforceleg spring
radiusof gyrationof body

coeficient of Coulombfriction atfoot

KinematicandStateVariables

"
8 & <S8 -~ Qb;é

SH

(Tn, Yn)

®n
Az

Al

horizontalandvertical centerof massposition

body pitch anglewith respecto (wrt) world coordinates
leg anglewrt world frame

leg length

horizontalbodyvelocity

verticalbodyvelocity

bodyvelocity vector

bodyangularvelocity wrt world coordinates
sameasd

horizontalbodyacceleration
verticalbodyacceleration

positionof bodyat ape of flight n

leg positionwrt world atimpactn

lateraldistancethe hopperfalls from apex to impact
verticaldistancehe hopperfalls from apex to impact
maximumleg compressiomuring stance
themomentarmof groundforce onthe COM

continuedon next page
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r

thevectorfrom the COM to thetoe

h thetranslationof the hip wrt COM
hmax, hmin | rangeof possiblehip translations
Ygnd altitudeof groundunderfoot
Vi bodyvelocity vectoratimpact
vy bodyvelocity vectorat ‘rise’ (i.e., takeof, liftoff)
wj angularvelocity atimpact
Wy angularvelocity attakeoff
Enegy
AFE generakhangdn enegy, lumpinggainandloss
¢ eneqgy storedin thrustmechanism
én enegy storedin thrustmechanisnprior to impactn
FEgiss enepy dissipatedy restitutionloss
E; kinetic enegy atimpact
E, kineticenegy atrise
Fsmax maximumenegy storedby leg duringstance
Ym maximumaltitudeavailablegivenenegy constraint
Tm maximumlateralvelocity availablegivenenegy constraint
Force,Torque, Time
T thetorqueon the centerof mass
F groundforcevector
F, normalcomponenbf groundforce
ts stanceduration
17 flight duration
tean time from ap& to groundcontact
tr time from liftoff to apex
Restitutionandimpulse
T unit tangentvectorperpendiculato theleg
N unit normalvectoralongleg axis
(ve, vn) bodyvelocity in leg frame(i.e, tangenthormal)
(v, vn;) | impactvelocityin leg frame
(ver,vnr) | takeoff velocityin leg frame
Une normalvelocity of bodyat maximumcompression
1. compressiommpulse
I, normalimpulse:total restitutive impulsechange
I, restitutionimpulse
€t fictional thrustrestitution
(Avg, Avy,) | changdn velocityin leg frame
A6 changen angularvelocity

continuedon next page
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GraphicalMethods

v angleof bodyvelocity atimpact
Uy angleof bodyvelocity at takeoff
o anglethatis half thewidth of thefriction cone
EmpiricalModelling
Psweep leg sweepangleduringstance
Qeffective ‘virtual’ leg angleat midpointof sweep
ksweep tangentvelocity coeficient for leg sweep
i leg positionatimpact
by leg positionattakeoff (aftersweepingduringstance)
Ug theleg mechanismangle(wrt body)
Tlat parametefor lateralacceleratiorduringflight
Ueg thethrustmechanisntontrolvalue(proportionalto angle)
p1 lineartermfor thrustcalibration
P2 quadraticdermfor thrustcalibration
(0s,04,04) | Standardleviationsof errorin ape prediction
SensofFiltering
Traw raw lateralpositionsensoreading
Yraw raw vertical positionsensorreading
z differencebetweerestimatecandmeasured: position
0] differencebetweerestimatecandmeasured, position
At sensoisamplingintenal
Yest estimateof y acceleratiorfor feedforward
k1 feedbaclgainfor positionestimator
ko feedbaclgainfor velocity estimator
Traw setof raw sensoreadingdor parabolicfit
A fitting matrix for parabolicfit
B basisfunctionmatrix for parabolicfit
tpeak time of theapex wrt clock
tp time of theapex wrt centerof dataset
ControlandPlanning
f0 abstracplanmappingape stateto controlvalues
P() abstracplanmappingoneapex stateto the next
e total enegy in m?/s? units(i.e., normalizedfor M)
@ desiredx velocity
z desiredx position
Gte desiredtotal enegy
kxdx distanceo velocity gainfor linearcontroller
Kxdphi velocity to leg anglegainfor linearcontroller
Kthrust gainfor linearthrustregulator

continuedon next page
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Tm maximumlateralvelocity possiblegivenenegy
Terr errorin lateralvelocity
score heuristicevaluationvaluefor a searcmode
cost total heuristiccostof abounce
cost ¢ costcomponentepresentingriction limits
costy costcomponentonstrainingakeof velocity
cost, costcomponentepresentingootholdrisk
cost to go | estimatectostto goal
$norm leg anglenormalizedto friction cone
footxnorm | fOOt placemenhormalizedacrossoothold boundary
Kxcost heuristicscalingfactorfor cost-to-go
T4 positiongoalin old planningheuristic
z positionerrorin old planningheuristic
ky velocity gainin old planningheuristic
k; pathlengthpenaltyin old planningheuristic
P numberof bouncesn pathfor old planningheuristic
ExperimentaData
g. X bodylateralposition
g.y bodyvertical position
g. t het a | bodyangulamposition
i nx statemachineindex
u. phi commandedeg angle(wrt world)
g. phi measuredieg angle(wrt body)
qd. x bodylateralvelocity
qd.y bodyverticalvelocity
graw. y | bodyvertical positionsensoreading
graw. y bodyangularpositionsensoreading
S.R. specificresistance
DesignAnalysis
KE kinetic enegy
Protor averagemotorpower
Ymin minimum stablehoppingaltitude
1 thrustmechanisndrive angle
A lengthscalingfactor
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Appendix B

DesignAnalysis

In the following sectionl work out the basicrelationsthat expressthe forcesand
enepgy changedhat occurduring hopping. The exampleconsidereds a Bow Leg
Hopperbouncingin placein equilibrium. Theleg is idealizedasa masslesson-
stantforce springwith non-idealrestitution. This leg doesdissipateenegy but the
controlleris assumedo exactly compensatesingthrust.

Following the analysisis a discussiorof scalingissuesandsomeworked exam-
plesfor differentparametewvalues.

B.1 BodyDynamics

Thehopperfalls from altitudey andfirst toucheghegroundwhenthecenterof mass
is atthe heightof theleg length/; thetotal flight timeis ¢,:

Ay:l—y:1/29<%f>2 (B.1)

Gravitational acceleratiory is negative, asis fall distanceAy andthe changen
leg length Al. Theverticalvelocity atimpact:

Yi = —\/29Ay (B.2)

Solvingfor thefull flight time (up anddown):

=y (8.3)

The momentumat impactis exactly reversedby the constantforce leg spring
appliedoverthe stanceanterval:
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FigureB.1: Variablesusedin the designdiscussion.
MAy = Fyty = —2My; (B.4)
Solvingfor the stanceime:
—2My; M
2 T \/89Ay (B.5)

Stancetime is a function of altitude, but the ratio of stancetime to flight time
depend®nly onthe constanforces:

t _M g _ My

2= _—/8¢Ay - | = = B.6
t; RV sAy T R (B-6)
Thekineticenegy atimpact:
My?
KE, = Ty — MgAy (B.7)

In this notation, the total enegy changeis the sum of restitutve lossesand
thrusté, whichis regulatedto zeroby the controller:

AE=F;— Egs+£6=0 (B.8)
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The following considersthe casewith no thrustto develop the dissipationex-
pressionsWith aninstantaneousnpactandno thrust,theleg springis assumedo
exhibit animpulserestitutione. Thisimpliesenegy loss(1 — €?):

My, = —eMy; (B.9)
1 1
KE, = §My£ = 62§My§ = ’KE; (B.10)
Egiss = KE; — KE, = (1 — ¢%)KE; (B.11)
(The subscriptr indicates“rise” since“l” for liftoff would be similar to i for

“impact”)

The following assumes finite stancedurationto develop the leg compression
expression.The leg compressefo storekinetic enegy in leg potentialenegy; the
enegy storedwasgainedfrom the potentialchangerom the highesttrajectorypoint
to the point of maximumcompression:

MgAy + MgAl = —AlF, (B.12)
Solvingfor thechangen leg lengthasafunctionof equilibriumhoppingaltitude:
_ —MgAy
- Fy+ Mg

Actually, sincethe leg is dissipatingsomeof thatenepy asit is stored,this un-
derestimatethe leg compressionbut assuminghatthe dissipationis low the effect
of dissipationon the estimateof leg compressiomrmay be neglected.

Al (B.13)

B.2 Thrust Mechanism

The thrustmechanisnmay usethe entireflight time to storeenegy in theleg. The
thrustenegy providedto the leg at equilibrium is exactly equalto the dissipation.
Theaveragenetmotorpower (afterfrictional lossestanbeestimatedisingtheflight

duration:

_ 2 3
Poger = & = L= OMgAY _ () 2y, [9°4Y (B.14)
tf /w 8
g

The requiredthrust enegy increasesmonotonicallywith altitude, as doesthe
averagemotor power.
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The disc rotates and the pulley
isdriven against the string.
This pulls string up from the
toe, compressing the leg.

T Al : changein leg length

FigureB.2: Kinematicsof thethrustpulley. As ¢ increasesthe pulley is movedinto
the string,which pulls the stringin from theleg.

But the mechanicabdwantageof the thrustmechanisnvariesand so the motor
loadvariesduringtheleg compressionThefull form of therelationbetweemmotor
angleandleg compressioris asfollows:

Al = A+ B

+ 27r

—\/A2 — 2 ARcos(¢) + R? — 2 (B.15)
—i-\/B2 +2BRcos(¢) + R? — r?
\/A2 — 2 ARcos(v) + R? — r?
\/A2 — 2 ARcos(v)) + R?
_ \/B2 + 2 BRcos(¢) + R? — r?

—r arcsin
( \/32 + 2 BRcos(¢) + R?
—AB — ARcos(¢) + R? + BRcos(v)
\/A2 — 2 ARcos(v) + Rz\/B2 +2 BRcos(¢) + R?

—r arcsin(

)
(

—r arccos(

This function (generatedusing Maple) describeshe mechanismillustratedin
FigureB.2. A usefulapproximatiornis to setthe pulley radiusr to zero:
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Leg Compression vs. Thrust Angle
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FigureB.3: Kinematicsof thethrustpulley. Thetop figure plotsthelengthof string
retractedfor eachthrustdisc angle;the bottomfigure plots its first derivative. Two
casesare shavn with differentlinetypesillustrating the effect of the drive pulley
radius.Note how thecompressiorurve flattensat theright; this is a stableregionin
whichtheleg canbeheldin compressionvith minimal torque.
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Al= A+B —/A? —2ARcos() + R? (B.16)
+\/32 + 2BRcos(¢) + R?

The transmissiorratio is the derivative of the leg displacementvith respecto
thrustmotorangle. For simplicity, it is only shown for the casewith pulley radiusr
equalto zero:

Al BRsiny AR sin
Ay B2+ R+ 2BRcosty /A2+ R? —2ARcosv

Examplesof the displacementurve andtransmissiorratio curve areillustrated
in FigureB.3.

The peakof the transmissiorratio curve determineshe maximumtorque sup-
portedby themotor. Theflight time determineshetime availablefor rotating90 de-
greedo recontacthestring(with noload)andthenanothe©0 degreesundervarying
load to storeenegy. A conserative solutionis to guaranteehat the motor could
performthis cycle undera constantmaximumload for the durationof a minimum
altitudehop:

(B.17)

%77' %77' _ 8(ymin - l)
o(r =0) + (o) <ty (tf = f) (B.18)

A moreoptimizedsolutioncouldintegratethemodelledmotorvelocity underthe
varying load andfind a someavhat smallermotor that could still operatewithin the
flight time.

B.3 Quick Analyses

Thefollowing analysisllustratesthe designparameteror the boom-mountedow
Leg hopperprototypehoppingin 35%effective gravity.

Quantity Variable| Value
mass M 2.5kg
leg length l 0.25 m
gravity g 3.4 m/sec?
leg force Ey 150 N
hoppingheight Ym 0.5 m
enegy restitution €2 0.8
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Usingtheformulasin the previoussection thefollowing valuesmaybeobtained
for hoppingatthe heighty,,:

Quantity Variable | Estimatedvalue
stancéime ts 0.04 sec
flight time if 0.77 sec
impactvelocity Ui —1.3 m/sec
enegy stored E 23]

leg compression Al 0.015m
eneqgy dissipated E, 0.43J

averagemotorpower | Pooior | 0.55 W

In practicethemeasuregeakmotorpoweris about5 Watt,anorderof magnitude
higherthanthe P, €stimate.However, the motoris a hobbyserno thatexpends
aboutthatmuchjustholdinga positionundertheloadof thefull leg forceatthepoint
of minimal mechanicahdwantage.

Thefollowing exampleestimategparameter$or a hypotheticahopperoperating
in full gravity.

Quantity Variable| Value
mass M 10 kg
leg length l 1m
gravity g 9.81 m/sec?
leg force Fy 500 N
hoppingheight Ym 3m
enegy restitution| ¢ 0.8
Pluggingin thevalues:

Quantity Variable| Estimatedvalue
stancéime ts 0.25 sec
flight time iy 1.28 sec

impactvelocity Us —6.3 m/sec
enepy stored E 244 ]
leg compression Al 0.49 m
enepy dissipated E, 39J
averagemotorpower | Ppotor | 31 W

148




B.4 Scaling

The generalizatiorof the designanalysidgs to examinehow the parametersary asa
functionof scaleby introducealengthscalingfactor\. If we assume&hemechanical
dimensionsareuniformly scaledwe getthefollowing table:

Quantity Variable| Scaling
hoppemass M A3
gravity g 1
leg length l A
leg compression Al A
maximumenegy storage| FE A3

The maximumenegy storages assumedo be afunctionof the massof theleg.
Given that the force of a constantforce leg spring F is relatedto the maximum
enegy storageandcompression:

_E X
TALT
thenthe leg force variesas \2. This is compatiblewith an assumptiorthatthe
groundcanwithstandconstanipressureasthe foot areaincreasess \?, the maxi-
mumgroundforcewill alsoincreaseas)\?.
The hoppingheight,however, remainsconstant.The enegy thatmustbe stored
is asfollows:

Fo (B.19)

E~MgAy~X\-1-Ay (B.20)

SinceE and M alreadyvary as)\?, thenAy mustbe constant.Soif the hopping
heightis to increasdn scalewith the machine the enegy storageandhencetheleg
massmustincreaseas \*. The groundforce mustthenincreaseas \?, which will
eventuallyexceedthe groundstrength.

Anotherway to seethis is that eachunit massof leg spring can storeenough
enepy to launchitself somedistancevertically. The distancethe entiremachinecan
be launcheddepend®n theratio of leg massto total machinemass.With a uniform
scaling,thisratiois fixedandsothelaunchdistanceemainsndependentf scale.
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Appendix C
3D Hopper Design

Thisappendixpresentsomepreliminarydesignnotesfor a“3D” unconstrainetiop-
per. Althoughthisis notwithin thethesisscopethis maybe helpful for futurework.

C.1 Designlssues

The 3D Bow Leg Hopperoperateon the samedesignprinciplesasthe 2D Hopper:
it usesan efficient springfor a leg thatis freely pivotedat the hip and positioned
duringflight by control strings,and hasthe centerof massbalancedelow the hip.
Thechiefdifferences thattheleg mustfreely pivotin two DOF, which substantially
complicateghe mechanicatiesign.

Thebig questionseento beguaranteeinguficientleg angularfreedom placing
thecontrolstringdrive with similar freedom routingthe Bow Stringthroughthehip
without interference and keepingthe massdistribution low enoughfor stability. |
anticipatethatthe existing thrustmechanismshouldwork fine sincethey in noway
dependon the freedomof theleg. The chief difficulty is thatthe massof the thrust
driveis well above the hip andwill needto bebalancedy weightelsavhere.

Anotherissueis generalrobustness.The 3D hopperis muchmorelikely to hit
thegroundduringfalls andtheleg to hit thejoint limits. If themachinecomedo rest
on the foot andan oppositebody point the leg will undego significantlateralforce
attheimpingemengpoint.

Thelimited experiencewith theair-tableplanarprototypessuggestshatthe atti-
tudestability may be maginal without the dampingof the boompitch bearing.This
is expectedo make passve attitudestability moredifficult andactive hip positioning
may be required. Alternatively, anotherstabilizingmechanisnsuchasa gyroscope
or aerodynamicontrol surfacemay be needed.However, the free hip of the Bow
Leg shouldstill keepthe disturbancesow socontroltorquesarelikely to besmall.
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Figure C.1: Preliminary sketch of a gravity-powered 3D Bow Leg Hopper Not
shown are batteriesand the R/C radio recever. The hip assemblycombinestwo
universaljoints: the interior oneis a freely pivoting hip thatallows the leg to move
freely during stance,and the exterior oneis a control yoke gimbal driven by two
hobbysenos, which is usedto positiontheleg during flight. The Bow String holds
theBow Leg in compression.
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A goodstartingpointwill beto build aremotecontrolledprototypewithoutthrust.
This teststhe fundamentaleg and hip designbut keepsthe masslow and avoids
the difficult sensingand communicatiorproblems. A preliminary sketchof sucha
machines shovn in FigureC.1.

C.2 LegFreedom

For control purposeghe leg only needdo be placedwithin thefriction conearound
the terrainsurfacenormal. However, the oscillation of the passve attitudestability
may meanthatthebodyis notlevel atimpact,andsoa muchwider coneof motionis
desirable Althoughthe controltreatsthefoot motionasa pointon a spherecentered
onthehip (i.e., 2 DOF), the leg is asymmetricdueto bendingduring compression.
Theideal hip joint would be a frictionlessball joint with no freedomaboutthe leg
axis,which would avoid singularitiesbut keeptheleg orientedproperlyfor bending
clearance.

A reasonableompromises to usea universaljoint (gimbal). It will have low
friction andmay be constructef standardoller bearings.The chief disadwantage
arethe singularitieswhich preventfree body pivoting if the attitudemovesfar from
the level position. A secondaryisadwantages the preferreddirection: thefirst ro-
tation axiswill have somavhatlower rotationalinertiaandis betterfor the primary
directiontravel. Sidevayshoppingwill involve acceleratingnorebearinginertiaand
will causegreaterattitudedisturbances.

During stancetheleg flex causesignificanthip rotationaroundthe axisperpen-
dicularto the planeof theleg. This significantlyincreaseshe “free space”require-
ment; for a designgoal of +60 degreesleg travel, a full compressioraddsabout
80 moredegreesof travel: theclearancenterval is then[—60, 140] degreesatthehip
(200degreedotal clearance)For thisreasorthepreliminarydesignusesa cantilever
for thesecondyimbalaxisin orderto leave thevolumebehindtheleg unconstrained.

Theleg itself canprobablybe substantiallysimilar to the 2 DOF leg. Theforces
are still axial, althoughthe foot will needto be ableto handlecontactat roll and
pitchangles.Thegimbaldesignillustratedmovesthe hip bearingoff theleg to a pair
aroundthe shaft; this allows string clearancen the centerand handleshigherside
loads,but doesrequirea redesigrof theleg hip shaft.

The bearingsselectedarelow profile roller bearings.Therearetwo motivations:
ensuringstring clearanceandkeepingthe massandradiusof the partslow. As de-
scribedbelow, the string needsa wide clearancecone, so a low profile hip cage
maximizesreedom.

The body frame needsattentionpaid to the impingementat differentleg orien-
tations: the hip gimbal framelimits the leg forward pitch, andthe body sideframe
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limits leg roll andbackward pitch. The contactpointsshouldbereasonablyar from
the hip centersincethey may act asthe fulcrum during a fall if the leg is pinned
betweerthegroundandbody—ashortleverarmcouldcausevery highimpingement
forcesat the contactpoint. Unfortunately nothingpreventstheleg from striking the
yoke in certainroll configurationssincethe extremallimits of the travel freedoms
overlap(e.g.,afull left leg roll will strike thestringyoke gimbalpositionedor afull
right roll).

C.3 YokeFreedom

Theleg positioningyoke operatesn similarfashionto the planarhopper moving the
leg controlstringsduringflight andbecomingdecouplediuringstanceLiketheleg,
it alsoneeds2 DOF, which implies the useof threeor more control strings. Three
stringsavoidsredundany, i.e., the possibility of multiple positionequilibria.

It is probablybestif the rotationalcenterof the yoke is coincidentwith that of
the hip so the control string lengthsdo not changeasthe yoke rotates. This leads
to theillustrateddesignwith a gimbal concentricwith the leg gimbal, both centered
on the hip. Ideally the angularfreedomof the yoke would be aslarge asthe leg
positioningcone. Thereareno directproblemswith the additionalanglesof leg flex
sothefreedomis acone(unlike the hip clearancdor theleg), but theyoke doesneed
to stayclearof thevolumebehindtheleg.

The trickiestissuewith the yoke is placingthe two drive motors. The simplest
designwould have adirectdrivemotormountecdnthecage putthisgreatlyincreases
the cageinertiaandsweptvolume. Anothersolutionis to placeboth motorson the
bodyandusealinkage,but the paralleldrive meanghatthe pitch freedomis coupled
to theroll freedom. It is possibleto usea differentiallinkageto decouplethe axes,
but it addsa lot of mechanicacompleity andbacklash.A betterpossibility is to
mountthe pitch seno alongtheroll axisneartherearof thebody;thelinkageto the
pitch yoke may needto belong, but the axeswill bedecoupled.

Anotherissueis that the yoke hasa larger radiusthanthe leg gimbal and will
sweepa largervolumethatalsomustbe unoccupiedy thebody. A solutionto this
is to useassmalla yoke radiusaspossibleandincreasdhe control stringtensionto
compensate.

C.4 String Placement

TheBow Stringneeddo go throughthe hip sothatthe string tensiondoesnot exert
torquesontheleg. In practice,t is impossibleto make the centerof forceremainex-
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actly onthehip axisastheleg movesabout,so someparasitictorquesareinevitable.
Sincethe string moveswith the leg, the bottomof the hip shaftneedsa fan-shaped
openingto accommodatéherangeof anglesassociateavith theleg compression(It
is not clearexactly whatthis rangeis, sincethe stringis only undertensionduring
a partof this compression.)lhe string leavesthe hip on top to connecto the thrust
mechanisnfixed on the body; sincethe string orientationdoesnt changewith re-
spectto the body, ensuringbody clearancas trivial, but the string clearanceon the
top of the hip needso accommodatéhe full motion of theleg. This meansa wide
coneof clearances neededn thetop of the hip shaftandthe cageof the hip gimbal.
This conealsoneedsto accommodatéhe leg flex, sothe hip shaftclearances the
convolution of the leg sweepconevolumewith aleg flex fanvolume (of uncertain
extent).

In this design,the control stringsagainform a separateontrol yoke that meets
nearthe foot, passeshrougha pulley in the foot, andis tensionedwith an elastic
element.Threestringsavoids redundanyg, but every arrangementvith afinite num-
ber of stringshasanisotropiclateral stiffnessat foot. In the designillustratedthe
stringsarearrangedo avoid interferencewith theleg flex atthebackandto keepthe
joints orientedalongorthogonakbxesparallelwith themachineaxesfor independent
control of roll andpitch leg orientation. The stiffnessvariationmay be ameliorated
by choosingequallever armsfor theleft pair andthe right string sothe sideto side
stiffnessis equal.If pressedorward, however, thefoot will tendto alsocurve to the
right, sincethe left rearstringwill go slackandthe foot will pivot perpendiculato
theline betweerthe othertwo stringconnectionsin addition,thetensionin theright
stringwill betwice thatof eachof theleft pair.

The chief disadwantageof this designthat the stringsbecometight beforefull
leg extension,sothereis alwaysthe possibility of a torqueimpulseat takeoff. It is
alsoawkwardto have the pulley andelasticelementnearthe foot. Thereareother
possibilities.Oneis to returnto a positionerdesignthat pushedaterally on the Bow
String, with the attendanfpositioningerror. Anotheris to usethreewinchesfixed
to the body and useactive control to managethe redundang. This eliminatesthe
gimbal but requiresfast precisecontrol of three motors. However, this could be
programmedo pay out slack during stanceto eliminatetakeoff torquesfrom the
controlstrings.With especiallyfastandpowerful motorsthethreestringscouldalso
be usedto tensionthe leg, but all the advantagesof mechanicalhrust triggering
would belost.
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Appendix D

Programmable Mechanisms

The Bow Leg is a novel designfor a leg thatis lightweight and efficient with high
enegy storage Thisthesisexploresits usein aone-leggedhoppingrobot,but it could
couldalsobe usedfor multileggedlocomotionor asanactuatorfor manipulation.It

may alsobe seenaspart of a larger classof “programmablemechanismsthat use
small configurationactuatorso guide the behaior of a mechanisnthat passvely
carriesthetaskloads.This appendixs intendedsimply to suggessomeof theideas
thatmightbegeneralizedo othermechanismsSomeof theprinciplesareasfollows:

1.
2.

Usenaturaloscillatorsto supportioadforcesconseratively.

Usemechanicaknegy storageasa buffer betweeriow power enegy sources
(electricmotors)andhigh power loads.

. Keepactuatorforcesorthogonalto dynamicforces,eitherin spaceor in time.

Dynamicforcesmay be supportedisingbearingsgnsteadof actuators.

. Eliminatedisturbancdorcesby design.

. Usemechanicafeedbackwhereser possible. This might be a discreteevent

suchastriggeringa springreleaseor acontinuougrocessik e aflyball gover
nor. In thehoppermassplacements sufficientto createmechanicafeedback.

. Incorporatea cycle into the designthat reduceghe controlandsensingoand-

width.

TheBow Leg Hopperdisplacesctuationn time (to flight) by usingtheleg spring
to buffer thrustenegy andthe initial leg positionto passvely generatée‘control”
forces.Thelow actuatorfforceis adoublewin: notonly is theactuatompower low, but
theforcesarelow. Thisreduceghe sizeandweightof the actuatorsbody structure,
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and the power supply High stressess confinedto a limited pieceof the hopper
structure.

Therearecertainlyothersolutionsthat offer similar properties.The pitch could
be controlledby a springmechanisnthat exertstorquesdirectly on theleg, or by a
non-contactorquesourcesuchasa momentumwheelor aerodynamio/anes. The
Bow Leg enegy mechanisnis completelypassve duringstancebut low powerelec-
trical actuatorsouldbeusedto triggerthe mechanicatelease.

The Bow Leg mechanisnitself is moregenerathata oneor multileggedhopper
As amechanicallyconfiguredmpulsive actuatousingasmallpowersourcejt could
be usedfor low duty cycle impulsive manipulationoperationdik e battingan object
off a corveyor belt. Here are several ideasfor applicationsthat could usesimilar
ideas:

e Satelliterotation. The report[Pit90] describesa systemfor rapidly reorient-
ing a satelliteby accelerating flywheel usingenepy storedin a spring,then
recoveringthe enepgy by clutchingto anotherspring.

e Active automotve suspensionA conserative mechanisncould concevably
usethe enegy of onebumpto drive the suspensiomlown for the next pothole
(thanksto ProfessoBill Messneffor this suggestion).

e Corveyor belt manipulator A Bow Leg could be usedasa fingerto knockan
objectoff a corveyor belt. It would be tensionedand positionedasthe object
approachedandthenat contactwould mechanicallytriggeranddeliver a con-
trolled impulse.Self-timing coulddramaticallyreducethe sensingequired.

e Walking robots. The paper[Jam83 and patent[Jam] describea gyroscope-
stabilizedtwo-leggedwalking device that usesno actuators.The gyro axisis
nominallyparallelto theground,orientedacrosshebody. In thisconfiguration
the torqueexertedby the body weight actingaroundthe stancefoot causesa
precessiorhatrotatesthe body, both slowing the body fall andcausinga for-
wardstride. The gyroscopds alsousedasa flywheelto power the alternating
leg lift usingalinkage.
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