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ABSTRACT

In thispaperanovel hoppingrobotis introducedthatusesinversependulumdynamicsto induce
several differentgaits. Its mechanicalstructureconsistsof a rigid invertedT-shapemounted
on four compliantfeet. An upright “T” structureis connectedto this by a rotary joint. The
horizontalbeamof theupright “T” is connectedto theverticalbeamby a secondrotary joint.
Using this two degreeof freedommechanicalstructure,the robot is able to perform lateral
boundingin additionto hoppingforward,reversingdirectionandturning. Here,thecontrolof
lateralboundingis investigatedandexperimentallytested. The resultsshow that two unique
limit cyclesexist for lateralmotion. Ipsilateralbounding,in thesamedirectionasupperbody
motion,is fastbut unstableandcouldbeusedfor emergency situations.Contralateralbounding,
ontheotherhand,is stableandrobust,andcanbeviablefor practicallong-rangeapplicationson
uneventerrain.Thecharacteristicsandcontrolof thesetwo modesof locomotionareexplored
in this paper.

1 INTRODUCTION

The designandimplementationof the Stumpy II1 hoppingrobot is an explorationof a novel
morphologyfor locomotion,with aninvertedpenduluminducingrhythmichoppingandatrans-
verserotationaldegreeof freedomfor directioncontrol. Its uniquestructureanddynamicsare
capableof producingbothbiped-like andquadruped-like gaits. In additionit canalsodisplay
someeffectivenon-biomimeticgaits.

Useof pendulumdynamicsin movementhasbeenonly partially explored. Hayashiet al [1]
have designeda pendulum-typejumpingmachinewhich wascapableof jumpingup stairs. In�

Thenamesof theauthorsarepresentedin randomorder. Eachauthorhasmadeanequalcontribution to this
work

1Videosavailableathttp://www.ifi.unizh.ch/ailab/robots/Stumpy/



anotherexample,Ioi et al [2] appliedpendulumdynamicsto theproblemof wheeledlocomo-
tion, to roll up slopesandcontrolforwardvelocityandturning. However, theuseof pendulum
dynamicsto drive leggedlocomotionhasnotbeenpreviouslyconsidered2.

Thecontrolof gait andbalancein hoppingrobotshasbeenwidely studiedby Raibertandhis
colleagues[4] [5]. In theserobotsasthelegsarelong andnarrow, they arestaticallyunstable,
andmustcontinueto hop in orderto stabilizetheir body. In the Stumpy robot, the four legs
consistof aspring-loadedprismaticjoints,but they areshortanddonothaveany otherdegrees
of freedom. Only the upperbody is actuated. This hasthe advantagethat the structureis
staticallystable,while allowing for dynamicallystablelocomotion.

The first studiesconductedon the Stumpy robot [3], showed that it could hop forward, with
both “walking” and“running” gaits, reversedirection,andturn with a variableradius. Here
it will beshown that the robot is alsoableto hop in a directionlateralto its body, usingonly
a singledegreeof freedom. The existanceof such“lateral bounding”proves that the robot
is holonomic,that is it can control its two translationaldegreesof freedom,andorientation
independently. Moreover, sincethe hoppingheightcanalsobe controlled,the robot actually
controlsfour degreesof freedom,with only two degreesof actuation.

Thefollowing section,Section2, describesthedesignof theStumpy robot.Thecontrolof two
modesof lateralboundingaredevelopedin Section3. Theoverall behavior of therobotis then
experimentallydemonstratedin Section4. In section5, the viable rangeof operationof the
robot is experimentallydeterminedby systematicvariationof control parameters.Section6
endswith ashortdiscussionandconclusions.

2 Robot Mechanical Structure

Thelower bodyof Stumpy II (Fig. 1(a)) is madeof an inverted“T” mountedon wide springy
feet. Theupperbodyis anupright“T” connectedto thelower bodyby a rotary joint (“waist”)
providing onedegreeof freedomin thefrontal plane.This enablestheupperbodyto actasan
invertedpendulum.Thehorizontalbeamof theupright“T”, is weightedontheendsto increase
its momentof inertia. It is connectedto theverticalbeamby asecondrotaryjoint (“shoulder”),
providing one rotationaldegreeof freedom(in the planenormal to the vertical beamof the
upper“T”). Stumpy’sverticalaxisis madeof aluminum,while bothits horizontalaxesandfeet
aremadeof oakwood.

The total massof the robot is approximately1.9 kg. The massandlengthparametersof the
robot,asshown in Figure1(b)aredetailedin theTable1 below.

2This is conceptuallydifferentfrom usinginversependulumdynamicsin ZMP-basedbalancecontrol,which is
commonin leggedrobots



Fig. 1: (a) photograph of the Stumpy II robot, indicating waist and shoulder joints. The
dark arrows represent the lateral direction of motion. (b) schematic diagram of the robot
labeled with variables used in analysis

Parameter Description Value��� , ��� restlengthof feet 10cm���
lengthof base 15cm� � lengthof lowerverticalbeam 21cm� � lengthof theupperverticalbeam 26cm�
	

lengthof shoulderhorizontalbeam 41.5cm��� massof lowerbody 1.2kg�
� massof upperbody 0.43kg� 	 massonshoulder 0.12kg

Table 1: Mass and length parameters of the robot

ThejointsareactuatedusingDC-Micromotorsfrom Minimotor. Thejoint anglesaremeasured
usingrotarypotentiometers.Thecontrol is performedvia off-boardmotorcontrolboardswith
aPIC16F877microcontrollerandastandardmotordriverwith PWM output.

3 Control

Stumpy is controlledto movein auniquewayby actuatingits waistjoint, with abackandforth
swingingmotion.Thismotionof theupperbodyimpartsangularmomentumto thebasewhich



createsahoppingmotion.Thecontrolparametersaretheamplitudeof theoscillationaboutthe
setpoint,��� , thesetpoint���� andmotorvoltage ��� of thewaist joint, amplitude��� , setpoint����
andmotorvoltage ��� of theshoulderjoint, andthephasedifference,� , betweenthewaistand
shoulderoscillationwhenphase-locked.Whenoneof thetwo joints is fixedataconstantangle,
thefixedangleis representedby thesetpoint���� or ���� with �������! #"$�%��& .
Proportionalpositioncontrolis usedto controltheoscillationof thewaist joint asfollows:

������'(�*)+���-,.��/*0 (1)

where ��� representsthewaist motorvoltage, ��/ representsthedesiredpositionreference,and
'(� thefeedbackgain.

Thepositionreferencetrajectoryis generatedaccordingto a linearvelocitygraphasfollows:

1��/2�3'4�5)6)7���8,$� �� 08,.�80 (2)

where '9� is a constantwhich determinesthemaximumdesiredangularvelocity of theoscilla-
tion.

Thus,thewaistmotoroscillatesapproximatelybetween�-� and ,:��� , when ���� is 0. In thiscase,
the robothopsin place. However, if thesetpoint ���� is changedto a non-zerovalue,the robot
changesits behavior to lateral bounding, that is, boundingin a directionlateralto thebaseof
therobot.Thedirectionof boundingis parallelto thefrontal planeof thelowerbody, whenthe
shoulderjoint angleis fixedat ���� �%� . Theshoulderjoint canbeusedto controldirection.

Lateralboundingcanbeproducedover a largerangeof parametervalues.Thestability of the
locomotionis greaterin certainregionsof theparameterspace,wherephaselockingof theupper
andlower bodyoccurs.In a complex non-linearsystemsuchasStumpy, in which factorssuch
asjoint friction, inherentcompliances,andgroundcharacteristicsplayavital role,deriving and
accurateanalyticalmodelcanbe challenging.In orderto developandvalidatesucha model,
a preliminaryqualitative analysisof thesystemcanprove fruitful. Therefore,thebehavior of
thesystemis studiedexperimentally. Datais collectedon the overall behavior of thesystem,
aswell asthroughsystematicvariationof controlparametersalongthethreeaxesof amplitude,
setpointandmotorvoltageof waist joint oscillation.Theresultsarepresentedin thefollowing
sections.

4 Overall Behavior

In thefirst setof experimentsthegoalwasto studytheoverall characteristicsof lateralbound-
ing. The setpointandamplitudewerekeptconstantandthe voltagewasvariedfrom 8V-12V
in 1V increments.Dataon positionandvelocity of therobotwascollectedusinga CCD cam-
erasuspendedfrom theceiling above a 3.0m x 2.0m experimentalarena,anda framegrabber
whichrecordedthemovementof therobotat25frames/sec.For eachexperiment,therobotwas



Fig. 2: Position of robot, with oscillation setpoint of ;=<�> and amplitude ?4<�> , sampled at
25Hz (a)Top left: 9V (b) Top right: 10V (c) Bottom left: 11V (d) Bottom right: 12V (The
axes are labeled in metres)

initially positionedat thecenterof the image. It wasequippedwith four high-intensityLEDs,
two on eachsideof the baseandrecordedin a darkenedroom. The cameraimagewasthen
processedto identify thelocationsof theLEDs,from whichtherobot´spositionandorientation
wasextractedandplottedonceevery second.TheFigures2(a)-(d)show someresultsof these
experiments.

The resultsat 9V and10V arevery similar (Fig. 2(a)(b)). In both casesthe robot movesin
a directionoppositeto the directionof the swingingof its upperbody. However, at 11V an
unusualphenomenaoccurs(Fig. 2(c)). Therobotstartsits motion in thesamedirectionasin
thepreviouscases,but thenswitchesandcontinuesto move in theoppositedirection! At 12V
therobotmovesin theoppositedirectionfrom thevery beginning(Fig. 2(d)). The interesting
featurethatcanbeobservedin thegraphs,is thatthereneednot beany changein thedirection
or orientationof thebasefor this switch in directionto occur. Althoughdifferentgait patterns
areobservedin eachcase,bothgaitscanbecharacterizedaslateralboundingasthebaseof the
bodyremainsparallelto thedirectionof motion. Borrowing terminologyfrom physiology, we
describethe first motion ascontralateral bounding,that is, motion in a directionoppositeto
theupperbodymovement.andthesecondasipsilateral bounding,that is motion in thesame
directionastheupperbodymotion(Fig. 3).



Fig. 3: (a) Contralateral bounding (b) Ipsilateral bounding

Fig. 4: Effect of Amplitude: (a)Amplitude ?4< > : stable contralateral motion (b) Amplitude
<��4> : Began ipsilateral motion and fell forward

5 Effect of Control Parameters

In order that lateralboundingbe a viable form of locomotionfor the robot, it wasimportant
to identify the regionsin parameterspacewherestablegaitscouldbeproduced.Threesetsof
experimentswereconducted,varying amplitude,setpointandmotor voltage. In the first set,
�@����?4<( A� �� ��B���& , in thesecond�����3<��! C� �� ��B4��& andin thethird �@�D�%EF<G A� �� �3<���& . For each
conditionthemotor voltage ��� wasvariedin 1V incrementsfrom 8V to 16V. This rangewas
chosenasit wastherangein which therobotshowedlateralboundingbehavior. At any voltage
lower thanthis therobotbarelymoved,andatany voltagehigherthanthis therobotmostlyfell
over.

5.1 Effect of Amplitude

Variationin amplitude,hada largeeffect on themotion(Fig. 4). At a setpointof 30> , thegaits
producedat an amplitudeof ?�<�> , hadhigherfrequenciesthantheir counterpartsat <��4> . This



waspredictableasa muchangulardistancehadto betraversedduringeachswing in thelatter
case.Theamplitude?4<�> motionwasalsomuchmorerobustin thatnoneof thecasesfell over,
comparedto 3 outof 9, in the <��4> case.However, in mostcases,thegraphslookedqualitatively
similar in theirpattern,andthemoststablegaitwasproducedat 10V in bothcases.

5.2 Effect of Setpoint

Fig. 5: Effect of setpoint: (a) At setpoint ;=< > : stable contralateral gait (b) At setpoint EF< > :
Random switching between gaits

Variationin setpoint,seemedto have a very little effect on the gait pattern. At an amplitude
of <��4> , varying thesetpointfrom B4�4> to EF<�> madeno changeto the frequency of motion (Fig.
5). The stability of the rhythmic motion wasalsoonly slightly affectedby the setpoint.At a
setpointof EF< > therobotfell overfour times,comparedto threetimesin the B4� > case.However,
thedifferencemaynotbestatisticallysignificant.Thepatternwasalsoobservedatothervalues
of amplitudeandvoltage.

5.3 Effect of Voltage

Increasein themotorvoltageleadto anincreasein thefrequency of therobotsboundingmotion.
This canbeseenin Figure6. (Somepointsaremissingin thefigure; in thesecasesthe robot
fell to thegroundsoonafterstarting.)However, theeffect of motorvoltageon frequency was
non-linear, asit causedabifurcationbetweenthetwo modesof bounding.

6 Conclusions

In this papera novel pendulumdrivenhoppingrobot hasbeenpresented.Thehoppingof the
feetis inducedindirectlyby themotionof theupperbody. Controlof this mechanicalstructure
hasbeeninvestigatedfor lateralboundinggaits,which area subsetof thesetof possiblegaits
of therobot. Experimentalevidenceshows thattherobot is capableof producingtwo different



Fig. 6: Plot of voltage vs. period of bounding.

kindsof lateralbounding.Theconditionsunderwhich thesegaitsareproduced,andthecontrol
parameterswhich influencethemhavebeenexplored.Theresultsshow thatlateralboundingis
aviablemodeof locomotion,which is robustto environmentaldisturbances.
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