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Abstract. Theleggedanimalsarecapableof rapid,energy ef�cient, andadaptive lo-
comotionin a complex environment.Toward a comprehensive understandingof the
natureof suchecologicallybalancedleggedlocomotion,in this paper, we proposea
novel methodto achieve a form of boundinggait for a quadrupedrobot by usinga
minimalistic approach.Although this methodusesa simplesinusoidalpositioncon-
trol with no global sensoryfeedback,it is shown that the rapid boundingis possible
in a relatively robust mannerby properly exploiting the intrinsic dynamicsand the
interactionwith theenvironment.Thebehavioral analyseswith therobotexperiments
show that this relatively complicateddynamiclocomotionis achieved even with a
simplecontrollermainly becauseof a self-stabilizationmechanism.Moreover, by ex-
ploiting thismechanismof self-stabilization,weproposeauniqueapproachto control
theforwardvelocityof thelocomotion.

1 Intr oduction

Thelocomotioncapabilityis oneof themostessentialfunctionsfor anadaptive robot.How-
ever, in orderto understandthenatureof adaptability, locomotioncannotbeseenin isolation,
rathera multi-functionalperspective is crucial.From this viewpoint, a setof designprinci-
pleshave beenproposedfor the autonomousagents,which includethe principle of “cheap
design”[6]. Thisprinciplesuggeststhatif a robotcouldproperlyexploit thegivenecological
niche,thecontroleffort couldbesigni�cantly simpli�ed. Thestudiesof thepassivedynamic
walking have nicely illustratedthis principle [4]. Evenwithout any controlandactuation,a
robotcanachieve a relatively complicatedbehavior of dynamicwalking if it is properlyde-
signedfor its ecologicalniche.Anothergoodexampleis therapid leggedlocomotion,since
theuseof cheapdesignis particularlyimportantwhenthetemporalconstraintof thesystem
is demanding.

The boundinggait is a form of leggedlocomotion,which is generallyobservedwhena
quadrupedanimal is runningat the highestspeed.In this gait, the animal landswith both
of its front feet andbrings the hind legs forward, then landswith both of the hind feet to
swing the front legs forward for the next leg step.Biomechanicsstudieshave extensively
investigatedthemechanismsof this runningbehavior of the leggedanimals.Theuseof the
elasticcomponentsin themuscle-tendonsystemhasbeenanalyzedanda theoreticalmodel
of leggedanimals,the so-called“spring-massmodel” wasproposed[1] [5]. In this model,
it washypothesizedthatananimal's leg couldbeapproximatedby a springloadedinverted



pendulum.Interestinglythestudiesof thespring-masslocomotionmodelshave shown that,
with a properimplementationof the self-stabilizationmechanisms,many aspectsof rapid
leggedlocomotioncanbe passive or they requireextremelysimplecontrols(e.g. [3] [9]).
Basedonthesebiomechanicalinvestigations,thestudyof runningrobotshasbeenconducted
duringlastcoupleof decades,andthemechanismof runningbehavior hasbeensuccessfully
engineered.Thepioneeringwork by Raibert[8] hasshown thatthetaskof ahoppingmachine
canbedecomposedinto threeproblems,namely(1) regulatingperiodichoppingheight;(2)
maintainingbodyattitude;and(3) controllingthedesiredforwardspeed.Thenthesecontrol
problemscan be solved by switching betweentwo control strategies for stanceand �ight
phases.During thestancephase,therobotcontrolsfor problems(1) and(2), andduringthe
�ight phase,theproblem(3) is dealtwith. Onthebasisof thisprinciple,monopod,biped,and
quadrupedrobotshavedemonstrateddynamicalhopping/runningbehaviors[8]. By following
asimilar approach,it hasbeenshown that,only by regulatingtheappropriateangleof attack
at touchdown duringa �ight phase,aquadrupedcanmaintainits balanceandcontrolthefor-
wardvelocity[7]. All thesestudiesarebasedonamethodin which therearetwo independent
control phases.Thereforethe robotneedsto identify the phaseat every computationalstep
by usingcontactdetectorson thefeet.

By following the hypothesisof the spring loadedinvertedpendulummodel, the chal-
lengeaddressedin this paperis whetherit is possibleto achieve theboundingbehavior of a
quadrupedrobotwithoutsensoryfeedbackatthelevelof globalbodyfunction,i.e.nosensory
feedbackfrom, for example,gyros,inclinometersandcontactdetectors.In orderto realize
sucha locomotionmethod,we have to carefullyconsidertheintrinsic bodydynamicswhich
self-stabilizesinto a periodicstablegait. Comparedto thephasebasedcontrol scheme,this
approachprovidesaphysiologicallycheaperdesign,i.e.nowire transmittingsensorysignals
is required,anda coherentcontroller, which reducesthe computationalcost.Moreover, as
shown later in this paper, thecoherentcontrol schemeprovidesthesigni�cant �e xibility in
controllingthelocomotionbehaviorssuchastheforwardlocomotionvelocity.

Thestructureof this paperis asfollows. In section2, we describethedesignandcontrol
of ourquadrupedrobotwhich is usedfor theexperimentsexplainedin section3. Issueslead-
ing to furtherdesignprincipleswill bediscussedin section4.

2 Designand Control of a Quadruped Robot

2.1 Morphological Design

The robot is designedbasedon a musculoskeletalmodel of a canineanimal as shown in
Figure1.Thephysicaldimensionsof therobotbodyareasfollows:It is 170mmlong,135mm
wide andapproximately200mmhigh (referto Table1 for moredetailedspeci�cations).The
robot has8 standarddigital servomotors(Hitec HS-5945MG)in the shoulder, elbows, hip,
andknees.Batteriesanda micro controllerarealsoimplementedin the robot body, which
resultsin a bodyweightof 1.5kg. We employ a three-segmentmodelof animallegs,where
two motorsand onespringypassive joint in the ankleare implemented.We have applied
exactly thesameleg designto all four legs for thesake of simplicity, whereasthehind and
fore legsof animalsaregenerallyverydifferent.

In theexperimentsshown in thefollowing section,wedeliberatelyinstalledslipperyma-
terialson thesolesof therobot.Theintentionof this slipperyinteractionis two fold: On the



Figure 1: Left: A photographof the quadrupedrobot. Right: A schematicof the robot. The circles denote
passive joints andthecircleswith a crossinsidedenotethejoints controlledby theservomotors.Thetriangles
with a numbershow thelocationsof LEDs which areusedfor visual trackingof thebodygeometryduringthe
locomotionexperiments.

Table1: Thespeci�cationof therobotmechanicalstructure
Param. Description Value

���

lengthof body 170mm
���

lengthof upperleg limb 70mm
���

lengthof middleleg limb 80mm
���

lengthof lower leg 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 experimentsshowedthat therobot locomotionrequiresmoretorque
andit is unstableif the robot hasnon-slipperyinteraction.On the otherhand,for the run-
ning/hoppingbehavior, thehigh friction forcewould not alwaysberequired,becauseof the
relatively highverticalforceagainstthegroundinducedby hoppingdynamics.Althoughit is
dif�cult to quantitatively measuretheslipperinessduringdynamicinteractionbetweenlegs
andground,a goodestimatecouldbethecoef�cient of friction. Thestaticanddynamicco-
ef�cients of friction areapproximately0.20and0.13,respectively.

2.2 Controller

In this paper, we focusonly on the hip andshouldermotor controls,i.e. the motorsin the
elbows andkneesare�x ed.For thecontrolof shoulderandhip motors,we employ a simple
oscillatorypositioncontrol,andthemotorcommandsaresymmetricin termsof thesagittal
plane,i.e. thecontrolof two fore legsis thesame.Thetargetmotorpositionsaredetermined
asfollows. 
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indicatethe target angularpositionsof the fore (shoulder)andhind (hip)
motors,respectively. � and % determinetheamplitudesandthesetpointsof theoscillation,
and . determinesthe phasedelaybetweenthesetwo oscillationsof the fore andhind legs.



Figure2: Behavior analysisof a runningexperiment.The uppergraphshows thebehavior of wholebodyex-
tractedfrom thevisual trackingof LEDs attachedto the leg joints. The lower graphshows the trajectoryof a
virtual linearhind leg.

The parametersusedin the following experimentsareheuristicallydeterminedasfollows.
�����������	��
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(1/sec,0.90 Hz).
Thecoordinateof thesesetpointsis setto perpendicularwith respectto thespine.This con-
trol methoddoesnot requireany global sensoryfeedback:The controllerdoesnot needto
distinguishstanceand�ight phase,thebodyattitudeor leg angleswith respectto theabso-
lutegroundplane.Therefore,themaininterestof thefollowing experimentsis how therobot
couldself-organizeinto aperiodicgaitprimarily by theintrinsicbodydynamicsandits inter-
actionwith theenvironment.

3 Experiments

In thissection,�rstly , weexplainthemethodsof experimentsandbehavior analysis.Then,we
analyzehow thestabilizationof theperiodicboundinggait canbeachievedin theproposed
locomotioncontrol.Finally, by exploiting thestabilizationmechanism,a control schemeof
forwardlocomotionvelocity is proposed.

3.1 ExperimentalMethod

We conductedbehavior analysisof therobotmovementduringtherunningbehavior. In this
analysis,�rst, we attached9 LEDs at every joint asvisual trackingpointslabeledLED 0 to
8 asshown in Figure1. Thenwe recordedthe runningbehavior from a sideview by using
a standardvideocamera.Thesetrackingpointswereextractedby visualtrackingprocessing
at 25 framespersecond.Figure2 shows a typical runningbehavior of therobotasacquired
from thisvisualtrackinganalysis.

For furtheranalysesexplainedin this section,we use“a virtual linear (hind) leg”, i.e. a
virtual line betweenthe hip joint andtoe (LED 5 and8). For reasonswhich becomeclear
later in this paper, the runningbehavior of the robot is well characterizedby analyzingthe
virtual linear leg, insteadof usingall of the joint trajectoriesincludingkneesandankles.A
typicalbehavior trajectoryof thevirtual linear(hind) leg is shown in Figure2.

A setof experimentshave beenconductedin termsof thephaseparameter� in equation
2. Thereasonto focusonthephaseparameteris thattheself-stabilizationmechanismandits
usearevery well characterizedasexplainedin detail later. In thefollowing experiments,we



Figure3: Thede�nitions of touchdown,lift-of f angles
andbodypitchusedin theanalysis.

Figure4: Therelationbetweentouchdownandlift-of f
angles.The touchdown anglesandlift-of f anglesare
normalizedby the correspondingmeantouchdown
andlift-of f angles.

Figure5: Theconceptualillustrationof foot placement.If thetouchdown angleis appropriate,thetrajectoryof
bodymasscanbesymmetryasshown in (b). Otherwisethelift-of f anglecanbehigher(a)or lower (c).

analyzedthebehavior of 6 leg stepsfrom a sideview. We repeatedthesameexperimentsby
changingthephaseparameter� from -1.6 to 0.2 (radian)by 0.2 step.This rangeof thepa-
rameteris chosenbasedoninformalexperiments,in whichastableboundinggait is possible.

3.2 StabilityAnalysis

To achieve thestableperiodicgait, thelegsneedto touchdown andlift-of f at constantangles
with respectto thegroundplane.In this subsection,we �rst analyzethebehavior of a hind
leg andelaboratetheself-stabilizationmechanismof theboundinggait.Morespeci�cally, by
analyzingtouchdown andlift-of f anglesof a virtual linearleg, weexplainhow thecontroller
is interactingwith theenvironmentwhich leadsto thestablegait.Secondlywefocusonhow
theself-stabilizationmechanismcouldresultin a wholebodycoordinationby analyzingthe
dynamicsof bodypitch. (Thetouchdown, lift-of f anglesandthebodypitch areexplainedin
Figure3.)

Self-stabilizationduring theStancePhase
In the�rst analysis,we measuredthetouchdown andlift-of f anglesof thevirtual linearhind
legwith respectto thegroundplane(theabsolutecoordinate)byusingjoint geometriesgained
from thevisualtracking.Thetouchdown anglesandthesuccessivelift-of f angles(thelift-of f
anglesfollowing thecorrespondingtouchdown angles)of 60 leg stepsarenormalizedby the
meantouchdown andlift-of f anglesrespectively, andareplottedin Figure4. As shown in the
�gure, the lift-of f angleis, on average,proportionalto the touchdown angle,i.e. the lower
touchdown anglesresultin lower lift-of f angles,andviceversa.

It hasbeenfoundthat theangleof attackat touchdown is oneof themostimportantpa-
rametersfor a leggedrunningbehavior [8] [9]. Thebasicprinciple is illustratedin Figure5.
In this principle,if thetouchdown angleof a linearspringyleg is appropriate,thetrajectory



Figure6: Typical transitionsof lift-of f angleswith differentphaseparameters.(Thephase0.2(Left graph),0.8
(Middle), and1.0(Right) radian.)

Figure7: Relationbetweenthenormalizedlift-of f anglesof two successive leg steps.Thevariable � represents
theindex of leg step.

of the body masscanbe symmetricwith respectto the vertical line at the foot contact,as
shown in themiddleillustration.Otherwisethelift-of f anglecanbeloweror higher. Figure4
shows thatthisprincipleholdsalsofor theexperimentalresultsof thevirtual linearleg.

Self-stabilizationduring theFlight Phase
In thenext analysis,we analyzethestabilizationof locomotionduring theperiodof several
leg stepsby usingthesamejoint geometrydataabove.As shown in Figure6, the�uctuations
of successive lift-of f anglesagainstthe groundare generallymaintainedwithin a certain
range.To show thismoreclearly, therelationbetweentwo successivelift-of f anglesis plotted
in Figure7.This �gure showsthat,whenalift-of f angleis lowerthanaverage,thesubsequent
lift-of f angletendstobelarger, andviceversa.Giventherelationbetweentouchdownandlift-
off anglesduring thestancephase,the leg behavior duringthe �ight phaseis typically such
thata lower lift-of f angleleadsto a highertouchdown angleandvice versa,which resultsin
thestablegait overmultiple leg steps.

It hasbeenshown that theprincipleof foot placementcanbeusedfor thespeedcontrol
of someleggedhoppingrobotsby adjustingthe touchdown angleduring a �ight phase[8]
[7]. However, in this experiment,the angleof attackwasnot controlledbut self-stabilized
without sensoryfeedback;therobotcannotrecognize�ight/stancephasenor thebodypitch
to estimatethetouchdown angleof thelegs.

Full BodyCoordination
By usingthesamejoint geometrydataabove,we analyzedthemovementof thebodypitch.
Thebodypitch is measuredastheangleof spinewith respectto thegroundplaneasshown
in Figure3. Figure8 shows a few typical angularmovementsof the body pitch. As shown
in thesegraphs,the spinerotationis changedfrom a steepzigzagmovementto a relatively
stable�at movementdependingonthephase.Theaverageangularvelocityagainstthephase



Figure8: Typical timeseriesmovementof bodypitchwith respectto thegroundplane.Thephaseparameterof
0.2(Left graph)and-0.8(Right) radian.

Figure 9: Averagebody rotational angularvelocity
versusthephaseparameter.

Figure10:Averagespeedversusthephaseparameter.

parameterisplottedin Figure9,whichshowsthatthemovementof bodypitchasmeasuredby
angularvelocityaccuratelycorrespondsto thephasebetweenfront andhind leg oscillations.
This is possibleonly whenthefront andhindlegsareself-stabilizingtheir touchdown angles.
More precisely, to maintaina constanttouchdown anglewith respectto the groundplane,
themotoranglesof hip at touchdown, i.e.

�
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in equation2, shouldbechanged
accordingto the phaseparameter, which would result in this characteristicsof body pitch
movement.

3.3 Forward SpeedControl

In this section,the forward locomotionspeedwith respectto thephaseparameter� is ana-
lyzed.Thevelocity is alsovisuallyestimatedby usingthecenterof thebody(LED 0), where
we measuredthehorizontaldistancetraveledandthedurationduring6 leg stepsfor theval-
uesof the phaseparameter� . As shown in Figure 10, the speedcan be controlledin the
rangefrom 20 to 50 cm/secby changingthephase.A possibleexplanationof thespeeddif-
ferenceshown in this �gure couldbethat,consideringthefactthatrelatively highervelocity
is achievedat a largerbodymovement,i.e. thephaserangefrom -0.4 to 0.2, the �uctuation
of bodypitchcouldprovidesmallertouchdown angleevenwith thesameamplitudeof motor
oscillation,which is requiredfor thefasterleggedlocomotion.An explanationof therelation
betweenthephaseandthe forward locomotionspeedneedto becorroborated,but, at least,
thisexperimentalresultshows thatthespeedof locomotioncanin principlebecontrolledby
changingonly thephaseparameter.

4 Discussion

The�ndings discussedin thispaperareof potentialinterestto bothengineersandbiologists.
Oneof the mostsigni�cant contributionsis that the proposedcontrol schemeaddsanother



variationof rapid boundinglocomotionmethod.In mostof the existing controllersfor the
boundingbehavior, the controllersneedto detecttwo states,i.e. �ight and stancephases,
whereasit requiresno needof theglobalstaterecognitionin theproposedmethod.

Fromaninformationtheoreticviewpoint,thereareanumberof interestingaspects.Firstly,
the �o w of information is unidirectionaland thereis no signal feedbackloop running all
throughthebody, but the loop is only local, i.e. only in theservomotors.This experimental
resultachieved by a syntheticinvestigationcould help understandingthe physiologicalna-
ture of leggedrapid locomotion.Secondly, the control of speedcannotbe computationally
cheaperthantheproposedphasecontrol,sincethereis nosensoryfeedback,on theonehand,
andthephaseis equivalentto a low-pass�lter or asimpletimedelay, on theother. Giventhe
fact that thepropertyis possiblemainly dueto theself-stabilizationmechanism,thedesign
of controllerstronglydependson the stabilizationmechanismincluding the morphological
designof legsandbody. Fromthisperspective,althoughweonly focusonasimplesinusoidal
positioncontrol,theadaptabilityof thecontroller(e.g.thebiologicalcontrollermodelsinves-
tigatedby [2]) would beanotherinterestingtopic to beinvestigatedin thefuture.Thirdly, it
is alsoworth to mentionthat,owing to theself-stabilizationmechanism,therearemany other
parameterssuchasthefrequency, thesetpoints,andthespringconstants(if possible)which
canpotentiallycontroltheforwardvelocity in additionto thephaseparameter. Thediversity
andthe�e xibility of theproposedcontrolschemeis anotherinterestingaspectto beexplored
further.
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