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Abstract. Theleggedanimalsarecapableof rapid, enegy ef cient, andadaptve lo-

comotionin a complex ervironment. Toward a comprehensie understandingf the
natureof suchecologicallybalancedeggedlocomotion,in this paper we proposea

novel methodto achieve a form of boundinggait for a quadrupedobot by usinga

minimalistic approachAlthough this methodusesa simple sinusoidalpositioncon-
trol with no global sensoryfeedbackijt is shavn thatthe rapid boundingis possible
in a relatively robust mannerby properly exploiting the intrinsic dynamicsand the

interactionwith theenvironment.The behaioral analysesvith therobotexperiments
shaw that this relatively complicateddynamiclocomotionis achieved even with a

simplecontrollermainly becausef a self-stabilizatiormechanismMoreover, by ex-

ploiting this mechanisnof self-stabilizationye proposea uniqueapproactto control

theforwardvelocity of thelocomotion.

1 Intr oduction

Thelocomotioncapabilityis oneof the mostessentiafunctionsfor anadaptve robot. How-

ever, in orderto understandhenatureof adaptabilitylocomotioncannotbeseenn isolation,
rathera multi-functionalperspectie is crucial. From this viewpoint, a setof designprinci-

pleshave beenproposedor the autonomousgentswhich includethe principle of “cheap
design”[6]. This principlesuggestshatif arobotcouldproperlyexploit the givenecological
niche,the controleffort couldbesigni cantly simpli ed. Thestudiesof the passve dynamic
walking have nicely illustratedthis principle [4]. Evenwithout arny controlandactuationa
robotcanachiese a relatively complicatedoehaior of dynamicwalking if it is properlyde-
signedfor its ecologicalniche.Anothergoodexampleis the rapid leggedlocomotion,since
the useof cheapdesignis particularlyimportantwhenthe temporalconstraintof the system
is demanding.

The boundinggait is a form of leggedlocomotion,which is generallyobsernedwhena
guadrupedcanimalis running at the highestspeed.In this gait, the animallandswith both
of its front feet and bringsthe hind legs forward, thenlandswith both of the hind feet to
swing the front legs forward for the next leg step.Biomechanicsstudieshave extensiely
investigatedhe mechanism®f this runningbehaior of the leggedanimals.The useof the
elasticcomponentsn the muscle-tendosystemhasbeenanalyzedanda theoreticalmodel
of leggedanimals,the so-called“spring-massmnodel” was proposed1] [5]. In this model,
it washypothesizedhatananimal's leg could be approximatedy a springloadedinverted



pendulum Interestinglythe studiesof the spring-mas$ocomotionmodelshase shavn that,
with a properimplementationof the self-stabilizationmechanismsmary aspectof rapid
leggedlocomotioncanbe passve or they requireextremely simple controls(e.g.[3] [9]).
Basedon thesebiomechanicainvestigationsthe studyof runningrobotshasbeenconducted
duringlastcoupleof decadesandthe mechanisnof runningbehaior hasbeensuccessfully
engineeredlhepioneeringvork by Raibert8] hasshavn thatthetaskof ahoppingmachine
canbe decomposethto threeproblems namely(1) regulatingperiodichoppingheight;(2)
maintainingbody attitude;and(3) controllingthe desiredforward speedThenthesecontrol
problemscan be solved by switching betweentwo control strateies for stanceand ight
phasesDuring the stancephasetherobot controlsfor problems(1) and(2), andduringthe
ight phasetheproblem(3) is dealtwith. Onthebasisof this principle,monopodpiped,and
quadrupedobotshave demonstratedynamicahopping/runningpehaiors[8]. By following
asimilar approachit hasbeenshawn that,only by regulatingthe appropriateangleof attack
attouchdavn duringa ight phaseaquadrupedanmaintainits balanceandcontrolthefor-
wardvelocity[7]. All thesestudiesarebasednamethodin whichtherearetwo independent
control phasesThereforethe robot needsto identify the phaseat every computationaktep
by usingcontactdetectorson the feet.

By following the hypothesisof the spring loadedinverted pendulummodel, the chal-
lengeaddresseith this paperis whetherit is possibleto achieve the boundingbehaior of a
quadrupedobotwithoutsensoryfeedbaclkatthelevel of globalbodyfunction,i.e.nosensory
feedbackfrom, for example,gyros, inclinometersand contactdetectorsin orderto realize
suchalocomotionmethod we have to carefully considertheintrinsic body dynamicswhich
self-stabilizednto a periodicstablegait. Comparedo the phasebasedcontrol schemethis
approactprovidesa physiologicallycheapedesign,.e. nowire transmittingsensorysignals
is required,and a coherentcontroller which reduceshe computationakost. Moreover, as
shown later in this paper the coherentcontrol schemeprovidesthe signi cant e xibility in
controllingthelocomotionbehaiors suchastheforwardlocomotionvelocity.

The structureof this paperis asfollows. In section2, we describethe designandcontrol
of our quadrupedobotwhichis usedfor the experimentsexplainedin section3. Issuedead-
ing to furtherdesignprincipleswill bediscussedhn section4.

2 Designand Control of a Quadruped Robot
2.1 Morpholagical Design

The robot is designedbasedon a musculoskletalmodel of a canineanimal as shovn in
Figurel. Thephysicaldimension®f therobotbodyareasfollows: It is 170mmlong, 135mm
wide andapproximately200mmhigh (referto Table 1 for moredetailedspeci cations).The
robot has8 standardligital senomotors(Hitec HS-5945MG)in the shouldey elbows, hip,
andknees.Batteriesand a micro controllerare alsoimplementedn the robot body, which
resultsin a bodyweightof 1.5kg. We employ athree-sgmentmodelof animallegs, where
two motorsand one springy passve joint in the ankle are implemented We have applied
exactly the sameleg designto all four legs for the salke of simplicity, whereaghe hind and
fore legsof animalsaregenerallyvery different.

In theexperimentshavn in thefollowing section,we deliberatelyinstalledslipperyma-
terialson the solesof therobot. Theintentionof this slipperyinteractionis two fold: Onthe



Figure 1: Left: A photographof the quadrupedobot. Right: A schematicof the robot. The circles denote
passie joints andthe circleswith a crossinsidedenotethe joints controlledby the sernomotors.Thetriangles
with anumbershaow thelocationsof LEDs which areusedfor visualtrackingof the body geometryduringthe
locomotionexperiments.

Tablel: Thespeci cationof therobotmechanicastructure

| Param. || Description | Value |

lengthof body 170mm
lengthof upperleg limb 70mm
lengthof middleleg limb 80mm
lengthof lowerleg limb 120mm
pointof lower joint attachment  70mm
pointof  attachment 45mm
pointof  attachment 30mm

springconstant 13.9g/mm

springconstant 20.8g/mm
massof therobot 1.5kg

onehand,the informal experimentsshaved thatthe robot locomotionrequiresmoretorque
andit is unstableif the robot hasnon-slipperyinteraction.On the otherhand,for the run-
ning/hoppingbehaior, the high friction force would not alwaysberequired becausef the
relatively high verticalforceagainsthe groundinducedby hoppingdynamics Althoughit is
dif cult to quantitatvely measurehe slipperinesgduring dynamicinteractionbetweenegs
andground,a goodestimatecould be the coefcient of friction. The staticanddynamicco-
ef cients of friction areapproximately0.20and0.13,respectiely.

2.2 Contoller

In this paper we focusonly on the hip and shouldermotor controls,i.e. the motorsin the
elbowvs andkneesare x ed.For the control of shoulderandhip motors,we employ asimple
oscillatorypositioncontrol,andthe motor commandsre symmetricin termsof the sagittal
plane,i.e.thecontrolof two fore legsis the same.Thetargetmotorpositionsaredetermined
asfollows.

1)

(2)

where and indicatethe taget angularpositionsof the fore (shoulder)andhind (hip)
motors,respectiely. and determinghe amplitudesandthe setpointsof the oscillation,
and determineghe phasedelaybetweenthesetwo oscillationsof the fore andhind legs.
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Figure2: Behavior analysisof a runningexperiment.The uppergraphshaws the behaior of whole body ex-
tractedfrom the visualtrackingof LEDs attachedo the leg joints. The lower graphshaws the trajectoryof a
virtual linearhind leg.

The parametersisedin the following experimentsare heuristicallydeterminedas follows.

(degree), (degree), (degree), (1/sec,0.90 Hz).
The coordinateof thesesetpointsis setto perpendiculawith respecto the spine.This con-
trol methoddoesnot requireary global sensoryfeedback:The controllerdoesnot needto
distinguishstanceand ight phasethe body attitudeor leg angleswith respecto the abso-
lute groundplane.Thereforethe maininterestof thefollowing experimentss how therobot
couldself-oganizeinto a periodicgait primarily by theintrinsic bodydynamicsandits inter-
actionwith theervironment.

3 Experiments

In thissection, rstly , we explainthe methodsf experimentsandbehaior analysisThen,we
analyzehow the stabilizationof the periodicboundinggait canbe achiezedin the proposed
locomotioncontrol. Finally, by exploiting the stabilizationmechanisma control schemeof
forwardlocomotionvelocity is proposed.

3.1 ExperimentaMethod

We conductedehaior analysisof the robotmovementduringtherunningbehaior. In this
analysis, rst, we attache® LEDs at every joint asvisualtrackingpointslabeledLED O to
8 asshown in Figurel. Thenwe recordedthe running behaior from a sideview by using
astandardsideo cameraThesetrackingpointswereextractedby visualtrackingprocessing
at 25 framespersecondFigure 2 shavs a typical runningbehaior of the robotasacquired
from this visualtrackinganalysis.

For further analysesexplainedin this section,we use*“a virtual linear (hind) leg”, i.e. a
virtual line betweenthe hip joint andtoe (LED 5 and8). For reasonswvhich becomeclear
laterin this paper the runningbehaior of the robotis well characterizedby analyzingthe
virtual linearleg, insteadof usingall of the joint trajectoriesncluding kneesandankles.A
typical behaior trajectoryof thevirtual linear (hind) leg is shavn in Figure2.

A setof experimentshave beenconductedn termsof the phaseparameter in equation
2. Thereasorto focusonthe phaseparameters thatthe self-stabilizatiormechanisnandits
usearevery well characterize@sexplainedin detaillater. In thefollowing experimentswe
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Figure3: Thede nitions of touchdavn, lift-of f angles  Figure4: Therelationbetweertouchdavn andlift-of f

andbodypitch usedin theanalysis. angles.The touchdavn anglesandlift-of f anglesare
normalizedby the correspondingmeantouchdavn
andlift-of f angles.

N

(a) (b) (c)

Figure5: The conceptualllustration of foot placementlf thetouchdavn angleis appropriatethetrajectoryof
bodymasscanbe symmetryasshavnin (b). Otherwisethelift-of f anglecanbe higher(a) or lower (c).

analyzedhebehaior of 6 leg stepsfrom a sideview. We repeatedhe sameexperimentsy
changingthe phaseparameter from -1.6to 0.2 (radian)by 0.2 step.This rangeof the pa-
rametelis choserbaseddninformal experimentsjn which a stableboundinggaitis possible.

3.2 Stability Analysis

To achiese the stableperiodicgait, thelegs needto touchdavn andlift-of f at constantangles
with respectto the groundplane.In this subsectionywe rst analyzethe behaior of a hind
leg andelaborategheself-stabilizatiormechanisnof theboundinggait. More speci cally, by
analyzingtouchdavn andlift-of f anglesof a virtual linearleg, we explain how the controller
is interactingwith the ernvironmentwhich leadsto the stablegait. Secondlywe focuson how
the self-stabilizatiormechanisntould resultin a whole body coordinationby analyzingthe
dynamicsof body pitch. (Thetouchdavn, lift-of f anglesandthe body pitch areexplainedin
Figure3.)

Self-stabilizatiorduring the StancePhase
In the rst analysiswe measuredhetouchdavn andlift-of f anglesof the virtual linear hind
leg with respecto thegroundplane(theabsolutecoordinatepy usingjoint geometriegained
from thevisualtracking.Thetouchdavn anglesandthe successie lift-of f angleqthelift-of f
angledfollowing the correspondingouchdavn angles)of 60 leg stepsarenormalizedby the
meantouchdavn andlift-of f anglesrespectiely, andareplottedin Figure4. As shovn in the
gure, thelift-off angleis, on average proportionalto the touchdavn angle,i.e. the lower
touchdavn anglesresultin lower lift-of f anglesandvice versa.

It hasbeenfoundthatthe angleof attackat touchdavn is oneof the mostimportantpa-
rameterdor aleggedrunningbehaior [8] [9]. The basicprincipleis illustratedin Figure5.
In this principle,if thetouchdown angleof alinearspringyleg is appropriatethetrajectory
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Figure6: Typical transitionsof lift-of f angleswith differentphaseparametergThe phase0.2 (Left graph),0.8
(Middle), and1.0 (Right) radian.)
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Figure7: Relationbetweerthe normalizedift-of f anglesof two successie leg steps.Thevariable represents
theindex of leg step.

of the body masscanbe symmetricwith respecto the vertical line at the foot contact,as
showvn in themiddleillustration. Otherwisethelift-of f anglecanbelower or higher Figure4
showsthatthis principle holdsalsofor the experimentaresultsof thevirtual linearleg.

Self-stabilizatiorduring the Flight Phase

In the next analysiswe analyzethe stabilizationof locomotionduring the periodof several
leg stepsby usingthe samegoint geometrydataaborve. As shavn in Figure6, the uctuations
of successie lift-of f anglesagainstthe ground are generallymaintainedwithin a certain
range.To shaw thismoreclearly, therelationbetweerntwo successie lift-of f angless plotted
in Figure7. This gure shavsthat,whenalift-of f angleis lowerthanaveragethesubsequent
lift-of f angletendsto belarger, andvice versa Giventherelationbetweertouchdavn andlift-
off anglesduring the stancephasetheleg behaior duringthe ight phases typically such
thata lower lift-of f angleleadsto a highertouchdavn angleandvice versa,which resultsin
the stablegait over multiple leg steps.

It hasbeenshawn thatthe principle of foot placementanbe usedfor the speedcontrol
of someleggedhoppingrobotsby adjustingthe touchdavn angleduringa ight phaseg8]
[7]. However, in this experiment,the angleof attackwasnot controlledbut self-stabilized
without sensoryfeedbackthe robot cannotrecognize ight/stance phasenor the body pitch
to estimatehetouchdavn angleof thelegs.

Full BodyCoodination

By usingthe samejoint geometrydataabove, we analyzedhe movementof the body pitch.
The body pitch is measuredsthe angleof spinewith respecto the groundplaneasshavn
in Figure 3. Figure 8 shaws a few typical angularmovementsof the body pitch. As showvn
in thesegraphsthe spinerotationis changedrom a steepzigzagmovementto a relatively
stable at movementdependingnthephaseTheaverageangularvelocity againsthephase



Figure8: Typical time seriesmovementof body pitch with respecto the groundplane. The phaseparametenf
0.2 (Left graph)and-0.8 (Right) radian.

Figure 9: Averagebody rotationalangularvelocity  Figurel0: Averagespeedrersughephasegyarameter
versusthe phaseparameter

parameteis plottedin Figure9, whichshavsthatthemovemenbf bodypitchasmeasuretby
angularvelocity accuratelycorrespond$o the phasebetweerfront andhind leg oscillations.
Thisis possibleonly whenthefront andhind legsareself-stabilizingtheirtouchdavn angles.
More precisely to maintaina constantouchdavn anglewith respectto the groundplane,
themotoranglesof hip attouchdavn, i.e. in equation2, shouldbe changed
accordingto the phaseparameterwhich would resultin this characteristicof body pitch
movement.

3.3 Forward SpeedControl

In this section,the forward locomotionspeedwith respecto the phaseparameter is ana-
lyzed.Thevelocityis alsovisually estimatedy usingthe centerof thebody (LED 0), where
we measuredhe horizontaldistancetraveledandthe durationduring 6 leg stepsfor the val-
uesof the phaseparameter . As shavn in Figure 10, the speedcan be controlledin the
rangefrom 20 to 50 cm/secby changingthe phase A possibleexplanationof the speeddif-

ferenceshown in this gure couldbethat,consideringhefactthatrelatively highervelocity
is achieved at a larger body movement,.e. the phaserangefrom -0.4 to 0.2, the uctuation

of bodypitch couldprovide smallertouchdavn angleevenwith the sameamplitudeof motor
oscillation,whichis requiredfor thefasterdeggedlocomotion.An explanationof therelation
betweenthe phaseandthe forward locomotionspeedneedto be corroboratedbut, at least,
this experimentakesultshowvs thatthe speedf locomotioncanin principle be controlledby
changingonly the phaseparameter

4 Discussion

The ndings discussedhn this paperareof potentialinterestto bothengineersandbiologists.
Oneof the mostsigni cant contributionsis that the proposedcontrol schemeaddsanother



variation of rapid boundinglocomotionmethod.In mostof the existing controllersfor the
boundingbehaior, the controllersneedto detecttwo states,.e. ight and stancephases,
whereast requiresno needof the globalstaterecognitionin the proposednethod.

Fromaninformationtheoreticviewpoint,thereareanumberof interestingaspectskirstly,
the ow of informationis unidirectionaland thereis no signal feedbackioop runningall
throughthe body, but theloop is only local, i.e. only in the senomotors.This experimental
resultachieved by a syntheticinvestigationcould help understandinghe physiologicalna-
ture of leggedrapid locomotion.Secondly the control of speedcannotbe computationally
cheapethantheproposeghasecontrol,sincethereis no sensoryfeedbackpntheonehand,
andthephases equivalentto alow-passlter or asimpletime delay ontheother Giventhe
factthatthe propertyis possiblemainly dueto the self-stabilizationrmechanismthe design
of controllerstrongly dependon the stabilizationmechanismncluding the morphological
designof legsandbody Fromthis perspectie,althoughwe only focusonasimplesinusoidal
positioncontrol,theadaptabilityof the controller(e.g.thebiologicalcontrollermodelsinves-
tigatedby [2]) would be anotherinterestingtopic to be investigatedn the future. Thirdly, it
is alsoworthto mentionthat,owing to the self-stabilizatiormechanismtherearemary other
parametersuchasthe frequeng, the setpoints,andthe springconstantgif possible)which
canpotentiallycontrolthe forward velocity in additionto the phaseparameterThediversity
andthe e xibility of theproposedontrolschemas anotherinterestingaspecto beexplored
further
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