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ABSTRACT

In this paperanovel hoppingrobotis introducedhatusesnversependulundynamicgo induce
several differentgaits. Its mechanicaktructureconsistsof a rigid inverted T-shapemounted
on four compliantfeet. An upright“T” structureis connectedo this by a rotary joint. The
horizontalbeamof the upright“T” is connectedo the verticalbeamby a secondrotary joint.

Using this two degree of freedommechanicalstructure,the robot is ableto perform lateral
boundingin additionto hoppingforward, reversingdirectionandturning. Here,the control of

lateral boundingis investigatedand experimentallytested. The resultsshow that two unique
limit cyclesexist for lateralmotion. Ipsilateralbounding,in the samedirectionasupperbody
motion,is fastbut unstableandcouldbeusedfor emegeng situations.Contralaterabounding,
ontheotherhand,is stableandrobust,andcanbeviablefor practicallong-rangeapplicationon
uneventerrain. The characteristicendcontrol of thesetwo modesof locomotionareexplored
in this paper

1 INTRODUCTION

The designandimplementatiorof the Stumgy 111 hoppingrobotis an explorationof a novel
morphologyfor locomotion,with aninvertedpenduluminducingrhythmichoppingandatrans-
verserotationaldegreeof freedomfor directioncontrol. Its uniquestructureanddynamicsare
capableof producingboth biped-like andquadruped-like gaits. In additionit canalsodisplay
someeffective non-biomimetiagaits.

Use of pendulumdynamicsin movementhasbeenonly partially explored. Hayashiet al [1]
have designeda pendulum-typgumping machinewhich wascapableof jumping up stairs. In

*The namesof the authorsarepresentedn randomorder Eachauthorhasmadean equalcontritution to this
work
lvideosavailableat http://wwwiifi.unizh.ch/ailab/robots/Stunyp



anotherexample,loi et al [2] appliedpendulumdynamicsto the problemof wheeledlocomo-
tion, to roll up slopesandcontrolforwardvelocity andturning. However, the useof pendulum
dynamicsto drive leggedlocomotionhasnot beenpreviously considered

The control of gait andbalancein hoppingrobotshasbeenwidely studiedby Raibertandhis

colleagueg44] [5]. In theserobotsasthelegsarelong andnarraw, they arestaticallyunstable,
and mustcontinueto hopin orderto stabilizetheir body. In the Stumyy robot, the four legs
consistof aspring-loadegrismaticjoints, but they areshortanddo not have ary 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], shavedthatit could hop forward, with
both “walking” and “running” gaits, reversedirection,andturn with a variableradius. Here
it will be shavn thattherobotis alsoableto hopin a directionlateralto its body, usingonly
a single degree of freedom. The existanceof such*lateral bounding” proves that the robot
is holonomic,thatis it cancontrol its two translationaldegreesof freedom,and orientation
independently Moreover, sincethe hoppingheightcanalsobe controlled,the robot actually
controlsfour degreesof freedom,with only two degreesof actuation.

Thefollowing section,Section2, describeghe designof the Stumgy robot. The controlof two
modesof lateralboundingaredevelopedin Section3. The overall behaior of therobotis then
experimentallydemonstratedh Section4. In section5, the viable rangeof operationof the
robot is experimentallydeterminedby systematicvariation of control parameters.Section6
endswith a shortdiscussiorandconclusions.

2 Robot Mechanical Structure

Thelower body of Stumgy Il (Fig. 1(a))is madeof aninverted“T” mountedon wide springy
feet. Theupperbodyis anupright“T” connectedo thelower bodyby arotaryjoint (“waist”)
providing onedegreeof freedomin the frontal plane. This enableghe upperbodyto actasan
invertedpendulum.Thehorizontalbeamof theupright“T”, is weightedontheendsto increase
its momentof inertia. It is connectedo theverticalbeamby a secondotaryjoint (“shoulder”),
providing onerotationaldegree of freedom(in the planenormalto the vertical beamof the
upper‘T”). Stumpy’sverticalaxisis madeof aluminum,while bothits horizontalaxesandfeet
aremadeof oakwood.

The total massof the robotis approximatelyl.9 kg. The massandlength parameter®f the
robot,asshavnin Figurel(b)aredetailedin the Tablel below.

2Thisis conceptuallydifferentfrom usinginversependulumdynamicsn ZMP-basedalancecontrol,whichis
commonin leggedrobots
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Fig. 1. (a) photograph of the Stumpy Il robot, indicating waist and shoulder joints. The
dark arrowsrepresent thelateral direction of motion. (b) schematic diagram of the robot
labeled with variablesused in analysis

| Parameter] Description | Value |

T1, T2 restlengthof feet 10cm
Uy lengthof base 15cm
1 lengthof lower verticalbeam 21cm
la lengthof theupperverticalbeam | 26cm
I3 lengthof shouldethorizontalbeam| 41.5¢cm
mq massof lower body 1.2kg
mo massof upperbody 0.43kg
ms masson shoulder 0.12kg

Table 1: Massand length parameters of the robot

Thejoints areactuatedusingDC-Micromotorsfrom Minimotor. Thejoint anglesaremeasured
usingrotary potentiometersThe controlis performedvia off-boardmotor control boardswith
aPIC16F877microcontrolleranda standardnotordriver with PWM output.

3 Control

Stumypy is controlledto move in auniqueway by actuatingts waistjoint, with abackandforth
swingingmotion. This motionof the upperbodyimpartsangularmomentunto the basewhich



createsahoppingmotion. The control parametersretheamplitudeof the oscillationaboutthe
setpoint,a;, the setpointd; andmotorvoltagewu,; of the waistjoint, amplitudeas, setpointd;
andmotor voltageu, of the shoulderjoint, andthe phasedifference ¢, betweerthe waistand
shouldemscillationwhenphase-lockd. Whenoneof thetwo jointsis fixedat a constantangle,
thefixedangleis representedly the setpointd} or 85 with [« = 0,w = 0].

Proportionalpositioncontrolis usedto controlthe oscillationof the waistjoint asfollows:

ur = ky (91 - 9«1) (1)

whereu, representshe waist motor voltage,f, representshe desiredpositionreferenceand
k1 thefeedbaclgain.

Thepositionreferencdrajectoryis generatedccordingto alinearvelocity graphasfollows:

04 = ka((61 — 07) — ) ()

wherek, is a constantwvhich determineghe maximumdesiredangularvelocity of the oscilla-
tion.

Thus,thewaistmotoroscillatesapproximatelybetweem; and—a«;, whené; is 0. In this case,
therobothopsin place. However, if the setpointd; is changedo a non-zerovalue,therobot
changests behaior to lateral bounding, thatis, boundingin a directionlateralto the baseof
therobot. Thedirectionof boundingis parallelto the frontal planeof the lower body, whenthe
shoulderjoint angleis fixedat#; = 0. Theshoulderoint canbeusedto controldirection.

Lateralboundingcanbe producedover a large rangeof parametewalues. The stability of the
locomotionis greateiin certainregionsof theparametespacewherephasdocking of theupper
andlower bodyoccurs.In a complex non-linearsystemsuchasStumypy, in which factorssuch
asjoint friction, inherentcompliancesandgroundcharacteristicplay a vital role, deriving and
accurateanalyticalmodelcanbe challenging.In orderto develop andvalidatesucha model,
a preliminary qualitatve analysisof the systemcanprove fruitful. Thereforethe behaior of

the systemis studiedexperimentally Datais collectedon the overall behaior of the system,
aswell asthroughsystematicorariationof controlparameterslongthethreeaxesof amplitude,
setpointandmotor voltageof waistjoint oscillation. Theresultsarepresentedn thefollowing

sections.

4 Qverall Behavior

In thefirst setof experimentghe goalwasto studythe overall characteristicef lateralbound-
ing. The setpointandamplitudewere kept constantandthe voltagewasvariedfrom 8V-12V

in 1V increments Dataon positionandvelocity of therobotwascollectedusinga CCD cam-
erasuspendedrom the ceiling abore a 3.0m x 2.0 m experimentalarenaanda framegrabber
whichrecordedhemovementof therobotat 25 frames/seckor eachexperimenttherobotwas
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Fig. 2: Position of robot, with oscillation setpoint of 15° and amplitude 25°, sampled at
25Hz (a)Top left: 9V (b) Top right: 10V (c) Bottom left: 11V (d) Bottom right: 12V (The
axesarelabeled in metres)

initially positionedat the centerof theimage. It wasequippedwith four high-intensityLEDs,
two on eachside of the baseandrecordedn a darkenedroom. The cameramagewasthen
processedb identify thelocationsof the LEDs, from which therobot”spositionandorientation
wasextractedandplottedonceevery second.The Figures2(a)-(d)shov someresultsof these
experiments.

Theresultsat 9V and 10V arevery similar (Fig. 2(a)(b)). In both caseghe robot movesin

a direction oppositeto the direction of the swinging of its upperbody. However, at 11V an

unusualphenomenaccurs(Fig. 2(c)). Therobotstartsits motionin the samedirectionasin

the previous casesput thenswitchesandcontinueso move in the oppositedirection! At 12V

therobotmovesin the oppositedirectionfrom the very beginning (Fig. 2(d)). Theinteresting
featurethatcanbeobsenedin thegraphsjs thatthereneednot be ary changen thedirection
or orientationof the basefor this switchin directionto occur Althoughdifferentgait patterns
areobsenedin eachcasepothgaitscanbecharacterize@dslateralboundingasthe baseof the

bodyremainsparallelto the directionof motion. Borrowing terminologyfrom physiology we

describethe first motion as contralateral bounding,thatis, motionin a direction oppositeto

the upperbody movement.andthe secondasipsilateral bounding,thatis motionin the same
directionastheupperbodymotion (Fig. 3).
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Fig. 3: (a) Contralateral bounding (b) I psilateral bounding
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Fig. 4: Effect of Amplitude: (a)Amplitude 25°: stable contralateral motion (b) Amplitude
50°: Began ipsilateral motion and fell forward

5 Effect of Control Parameters

In orderthat lateralboundingbe a viable form of locomotionfor the robot, it wasimportant
to identify the regionsin parametespacewherestablegaitscould be produced.Threesetsof

experimentswere conductedyarying amplitude,setpointand motor voltage. In the first set,
[a = 25,07 = 30], in theseconda = 50,0 = 30] andin thethird [« = 45, 87 = 50]. For each
conditionthe motor voltageu; wasvariedin 1V incrementdrom 8V to 16V. This rangewas
choserasit wastherangein whichtherobotshavedlateralboundingbehaior. At ary voltage
lower thanthis therobotbarelymoved,andat ary voltagehigherthanthistherobotmostlyfell

over.

5.1 Effect of Amplitude

Variationin amplitude hada large effect on the motion (Fig. 4). At a setpointof 30°, the gaits
producedat an amplitudeof 25°, had higherfrequencieghantheir counterpartsat 50°. This



waspredictableasa muchangulardistancehadto be traversedduring eachswingin the latter
case.Theamplitude25° motionwasalsomuchmorerobustin thatnoneof the casedell over,
comparedo 3 outof 9, in the50° case.However, in mostcasesthegraphdookedqualitatvely
similarin their pattern,andthe moststablegait wasproducecdat 10V in bothcases.

5.2 Effect of Setpoint
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Fig. 5: Effect of setpoint: (a) At setpoint 15°: stable contralateral gait (b) At setpoint 45°:
Random switching between gaits

Variationin setpoint,seemedo have a very little effect on the gait pattern. At an amplitude
of 50°, varying the setpointfrom 30° to 45° madeno changeto the frequeng of motion (Fig.

5). The stability of the rhythmic motion wasalsoonly slightly affectedby the setpoint. At a
setpointof 45° therobotfell overfour times,comparedo threetimesin the30° case.However,

thedifferencemaynot bestatisticallysignificant. The patternwasalsoobseredat othervalues
of amplitudeandvoltage.

5.3 Effect of Voltage

Increasen themotorvoltageleadto anincreasen thefrequeng of therobotsboundingmotion.
This canbe seenin Figure6. (Somepointsaremissingin the figure; in thesecaseghe robot
fell to the groundsoonafter starting.) However, the effect of motor voltageon frequeng was
non-linear asit caused bifurcationbetweerthetwo modesof bounding.

6 Conclusions

In this papera novel pendulumdriven hoppingrobot hasbeenpresented.The hoppingof the
feetis inducedindirectly by the motionof the upperbody. Controlof this mechanicastructure
hasbeeninvestigatedor lateralboundinggaits,which area subsef the setof possiblegaits
of therobot. Experimentakvidenceshows thattherobotis capableof producingtwo different
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Fig. 6. Plot of voltage vs. period of bounding.

kindsof lateralbounding.Theconditionsunderwhich thesegaitsareproducedandthe control
parametersvhich influencethemhave beenexplored. Theresultsshow thatlateralboundingis
aviablemodeof locomotion,whichis robustto environmentaldisturbances.
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