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Abstract. We have beentrying to inducea quadupedrobotto walk with mediumwalking
speednirregularterrainbasednbiologicalconcets.Wepropogtheessentiatonditionsfor
stabledynamicwalking onirregularterrainin generalandwe designthemechaical system
and the neural systemby comparingbiological conceptswith thoseessentialcondtions
describedin physicalterms. PD-controllerat joints constructsthe virtual spring-dampr
systemas the visco-elasticitymodel of a muscle.The neural systemmodel consistsof a
CPG(centralpatterngenerator)reflexesandresponsediNe reportour experimentaresultsof
dynamiowalkingonirregularterrainin outdoorervironmert usingaself-containedjuaduped
robotin orderto verify the effectivenes of the designecheuremechanicasystem.

1 Intr oduction

Many previous studiesof leggedrobotshave beenperfamed,including studieson
running and dynanic walking on irregular terrain. However, all of thosestudies
assumedhat the structureof terrain was known, even though the height of the
stepor the inclination of the slopewasunknavn. The purpcse of this studyis to
realizehigh-speedmobility on irregular terrainwith lessknowledge of it usinga
mammallik e quadupedroba, thedynanic walking of whichis lessstablethanthat
of hexapodrobots,by referring to themarnwousabilitiesof animalso autonanously
adaptto theirervironmert.

As mary biological studiesof motioncontmol progressedit hashecomegeneally
acceptedhatanimals’walkingis mainly generateétthe spinalcordby acombira-
tion of a CPG(cental patterngeneator) andreflexesreceving adjustmensignals
fromacerebrum, cerebellumandbrainstem[1].A greatdealof thepreviousresearch
onthis attemptedo geneatewalking usinga neuml systemmocdel, including stud-
iesondynamicwalking in simulationp—5],andrealrobots[6—8] But autonanously
adaptve dynamic walking on irregular terrainwasrarely realizedin thoseearlier
studiesexcept for our studieq9,10]. This papermrepots onour progessusingaself-
contaired(powerautcmomots) quadupedroba called“Tekker2” (Fig.1) whichwas
newly developedfor adapive walking on irregular terrainin outdoor ernvironment

(Fig.2).

2 Self-cortained Quadruped: Tekken2

Eachleg of Tekken2hasa hip pitchjoint, a hip yaw joint, akneepitchjoint, andan
anklepitchjoint (Fig.1). Thedirection in which Tekken2walks canbe changedy
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usingthe hip yaw joints. Two rategyro sensor&ndtwo inclinometersaremourted
onthebodyin orderto measureghebody pitch androll angles.

In orderto obtainapprgriate mutual entrainmat betweenneuralsystemand
mechaical system,mechanichsystemshouldbe well designedo have the goad
dynamic propertiesIn addition,perfamanceof dynamicwalking suchasadaptab-
ity onirregular terrain,enegy efficiengy, maximum speedandsoonhighly depends
onthemechaical design.Thedesigncorceptsof Tekken2are:

(1) high power actuatorsand small inertia moment of legs for quick motion and
response,

(2) smallgearreductionratiofor high bacldrivalility toincreasgassvecompliarce
of joints,

(3) smallmassof thelowestlink of legsto decreaseimpactforceat collision,

(4) smallcontactiny areaattoesto increaseadagability onirregular terrain

battery

motor driver inclinometer & rate gyro

Fig. 1. Tekken2. The length of the body anda Fig. 2. Photoof walking in outdooren-
leg in standingare 30 [cm] and 20 [cm]. The vironment.
weightincludingbatterieds 4.3 [kg].

3 NecessaryConditions for Stable Dynamic Walking

We propasethenecessargondtionsfor stabledynamicwalkingonirregularterrain,
which canbeitemizedin physicalterms:

(a) theperiodof thewalking cycle shouldbe shorterenaighthanthe upper bourd
of it, in which stabledynamic walking canberealized[11],

(b) theswinginglegsshouldbefreeto move forward during thefirst periad of the
swingphase,

(c) the swinginglegs shouldlandreliably on the ground during the secondperiad
of theswingphase,
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(d) theangularvelocity of thesuppating legsrelative to the ground shouldbe kept
constanturingtheir pitchingmotionor rolling motionarourd thecontad¢ points
atthemomen of landirg or leaving,

(e) thephasdifferencebetweerrolling motionof thebodyandpitching motion of
legsshouldbemaintainedegardlessof adisturbamrefrom irregularterrain,and

(H thephasdifferercesbetweerthelegsshouldbe maintairedregardlessof delay
in the pitching motion of aleg receving adisturbare from irregular terrain.

We designthe neual systemfor thesenecessargonditionsto be satisfiedin order
to realizeadaptve walking.

4 Implementation of Neural Systemfor Adaptive Walking

The basicneuralsystemmockl of Tekker2 is samewith the one of Tekkenl. We
define a “reflex” as joint torque geneation basedon sensorinformation and a
“resporse” asCPG phasemodulation through sensoryfeedtackto a CPG. Several
reflexes and resposesare newly employed in Tekker? for adaptive walking in
outdoor ervironmer.

4.1 Rhythmic Motion by CPG

We constructthe neull systemcenteing a neurl oscillatorasa model of a CPG,
sincethe exchangebetweenthe swing andstancephasesn the shot term andthe
quick adjustmen of thesephasesn irregular terrainare essentiain the dynamic
walking of a quadupedwherethe unstabletwo-legged stancephaseappeas. Al-

though actualneurcsasa CPGin higheranimalshave notyetbecanewell known,

featuresof a CPG have beenactively studiedin biology, physiology, and so on.
Severalmathemécal mocelswerealsoproposedandit waspointedoutthata CPG
hasthe capability to geneate and moduate walking patternsandto be mutwally
entrainel with arhythmic joint motion [1]. As amodel of a CPG,we useda neural
oscillatorproposedby Matsuola, andappliedto thebipedsimulationby Taga[3. A

singleneuraloscillatorconsistof two mutuallyinhibiting neuons(Fig.3-@)). Each
neuram in thismodelis represetedby thefollowing nonlineardifferentialequations:

Tlfe,fyi = —Ufe,f}i T WreY{f,eli — BVie,fhi

n
tug + Feedpe pyi + Y wigyie, )
j=1
Yie,f}i = max (uge 5y4,0) 1)
T'0fe,fyi = ~V{e,fyi T Yle i
wherethe suffix e, f, andi meanan extersor neuon, a flexor neuon, andthe i-th
neurd oscillator respectiely. ug. sy, iS ue; Or uy;, thatis, the inner stateof an

extenso neura or aflexor neuon of thei-th neura oscillator; vy, r,; is avariable
represeting the degree of the self-inhibition effect of the neuon; y.; andyy; are
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Fig. 3. Neuraloscillatorasamodelof aCPG.Thesufix 7, j = 1,2, 3,4 correspondto LF,
LH, RF, RH. L, R, F or H meangheleft, right, fore or hindleg, respectiely.

the output of extersor andflexor neuons;ug is an externalinput with a constant
rate; Feedy., sy, is afeedkack signalfrom the robot, thatis, a joint angle,anguar
velocity andsoon; andg is a constantepreseting the degreeof the self-inhibition
influenceon the inner state.The quantitiesr and 7’ aretime constantof u . ¢
andvy, 14, wye isaconnectig weightbetweerflexor andextensorneuras; w;; is
a conrectingweightbetweemeuonsof the i-th andj-th neurl oscillatot

In Fig.3-(a) theoutpu of a CPGis aphasesignal:y; .

Yi = —Yei T Ysi (2

The positive or negative valueof y; correspadsto actiity of a flexor or extersor
neura, respectrely.

We usethe following hip joint ande feedlack as a basicsensoryinput to a
CPGcalleda“tonic stretchresporse”in all experimentsof this study This negative
feedtackmakesa CPGbeentrainedwith arhythmic hip joint motion

Feede.tsr = kisp(0 — 6p), Feedf.ror = —Feede.tsr 3)
Feedge,yy = Feede fy1sr (4)

where@ is the measuredip joint ande, 6, is the origin of the hip joint anglein
standingandk;s, is thefeedackgain We eliminatethe suffix ¢ whenwe corsider
asingleneul oscillator

By conrectingthe CPG of eachleg (Fig.3-()), CPGsare mutually entraired
and oscillatein the sameperiod and with a fixed phasedifference. This mutual
entrainnent betweenthe CPGsof the legs resultsin a gait. The gait is a walking
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pattern,and can be definedby phasedifferencesbetweenthe legs during their
pitchingmotion Thetypicalsymmetricgaitsareatrot andapace Diagoral legsand
laterallegs arepairedandmove togethe in atrot gaitanda pacegait, respectiely.
A walk gaitis the trans\ersal gait betweenthe trot and pacegaits. We useda trot
gaitandawalk gait. Theautoromous gaittransitionin changimg walking speedvas
discussedn our former study[10].

Although the sizeandweight of Tekker2 aredifferert from thoseof Tekkenl,
the valuesof the paraméersof CPGsusedfor Tekken2weresamewith thoseused
for Tekkenl.

4.2 Virtual Spring-damper System

Weemploy themodé of themusclestiffnesswhichis geneatedby thestretchreflex

andvarialde accoding to the stance/swingphasesadjustedby the neuralsystem.
The musclestiffnessis high in a stancephasefor suppating a body aganst the
gravity andlow in a swing phasefor comgiance aganst the disturbare. In order

to generge eachmotionsuchasswingingup (A), swingingforward(B) andpulling

down/backof asuppating leg (C), all joints of Tekker?2 arePD contrdled to move

to theirdesiredandesin eachof threestategA, B, C). Thetiming for all joints of a
leg to switchto thenext stateare:

A — B: whenthehip joint of theleg reacheshedesiredangleof the state(A)
B — C: whenthe CPGextersorneuon of theleg beconesactive (y; < 0)
C — A: whenthe CPGflexor neuran of theleg becomesctive (y; > 0)

SinceTekken2hashigh bacldrivablity with smallgearratio in eachjoint, PD-
contrdler canconstrictthevirtual sprirg-dampersystenwith relatively low stiffness
couged with the mechaical system Suchcompliart joints of legscanimprove the
passve adaptabity onirregular terrain

4.3 CPGsand Pitching Motion of Legs

The diagramof the pitching motion contrd corsisting of CPGsand the virtual
springdampersystemis shovn in the middle partof Fig.4. Jointtorque of all joints
is deternined by the PD contoller, correspadingto a stretchreflex at an o motor
neuran in animals.The desiredangleandP-gainof eachjoint is switchedbasedon
the phaseof the CPGoutpu: y; in Eq.(2 asdescribd in Section4.2. As aresult
of the switchingof the virtual spring-campersystemandthe joint anglefeedbak
signalto the CPGin Eq.(4), the CPGandthe pitching motionof theleg aremutually
entrainel.

Thenecessargondition(f) canbe satisfiedby the mutud entrainnentbetween
CPGsandthepitchingmotionof legs,andthe mutualentrainnentamongCPGs[9].
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Fig. 4. Control diagramfor Tekken2. PD-controlat the hip yav and knee pitch joints are
eliminatedin thisfigure.

4.4 Reflexesand Responses

Referringto biological knowledge,we employedthe severalreflexesandresporses
(Table 1, Fig.4) to satisfy the necessargonditiors (b)~(e) describedn physical
termsin Section3 in addition to the stretchreflex andrespamsedescribedn Section
4.2and4.1. In Tablel, thesidevay stepingreflex andthere-steppingeflex/respmse
werenewly emplo/ed on Tekken2 Otherreflexesandrespoiseshadalreadybeen
employedon Tekken1[10].

SidewayStepping Reflexto Stabilize Rolling Motion It is known thatthe adjust-
mentof the sidevay touchdwn angleof a swingingleg is effective in stabilizing
rolling motion agairst disturbarmes[12].We call this a “sideway steppingreflex,”
which helpsto satisfythe condtion (d) during rolling motion. Thesidavay stepping
reflex is effective alsoin walking on asidevay inclinedslope.

For examges, when Tekken2walks on a right-inclined slope(Fig.5), Tekker2
contintesto walk while keepingthe phasedifferercesbetweenleft andright Iges
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Table 1. ReflekesandResponsesmplg/edon Tekken2.

sensed/alueor event activated necessary

on condtions
flexor reflex collisionwith obstacle sw (b)
steppingreflex forwardspeed sw (d)
vestitulospinalreflex/responsg  bodypitch angle sp (d)

tonic labyrinthineresponse bodyroll angle Sp&sw (c),(d),(e)
sidavay steppingreflex bodyroll angle sw (d)
re-steppingeflex/response |lossof grourd contac sw (d)

Thespandsw meanthe supportingeg andswingingleg, respectrely.
Thecorresponihg necessargonditionsaredescribedn Section3.

body roll angle
+ front view

=4 re-stepping
right left -l
%}
WsM 'WSM

@) (b)

Fig.5. Walking on a sidewvay inclined slope. Fig.6. Re-steppingreflex and re-
(a):withouta sidewvay steppingreflex, (b):with. sponse.

with the help of the tonic labyrinthine resporse.But Tekker2 canna walk straight
andshiftsits walking direction to theright dueto the differerce of the gravity load
betweenleft andright legs. In addition, Tekken2typically falls down to the right
for the pertubationfrom the left in the caseof Fig.5{a), sincethe wide stability
main: W SM ! is small. Thesidevay steppirg reflex helpsto stabilizethewalking
directionandto preventtherobot from falling down while keepingiV S M largeon
suchsidewvay inclinedslope(Fig.5{(b)).

Since Tekker2 hasno joint rourd the roll axis, the sidavay steppirgy reflex
is implementedas changirg the desiredangle of the hip yaw joint from 0 to y*
accordng to Eq.(5)

™ = d(leg) ksipr x (body roll angle) (5)

B 1, if leg isaright leg;
O(leg) = { —1, otherwise

! the shortestdistancefrom the projectedpoint of the centerof gravity to the edgesof the
polygonconstructedy the projectedpointsof legs indepenént of their stanceor swing
phases[1D
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Re-steppingReflexand Responsdor Walking Down a Step Whenlossof ground
contactis detectedin a swing phasewhile walking over a ditch, a cat activates
re-stepjng to extend the swing phaseand make the leg land on the forwarder
position[L3]. We call this “re-stegping reflex/respnse; which is effective for the
necessargondtion (c) and(d) to be satisfiedalsoin walking down a large step

(Fig.6).

4.5 Active Landing Control on the Soft Ground

While walkingonthesoftground,therolling motionis muchdisturkedsinceit takes
longerto establishthe reliablelanding of the swinginglegs. Tekken2 chargesthe
stateof thevirtual springdampersystemfrom theswingingto the stancebefare the
actualcontactof aleg ontheground, whenthe output phaseof a CPGchangesfrom
the flexor neuon active phaseto the extensorneuwon active phaseasdescriked in
Section4.2. This cortrol contritutesto obtainthe reliablelandingof the swinging
legsassoonaspossible andhelpsthe necessargondtion (c) be satisfied.

5 Experiments

5.1 Walking on a SidewayInclined Slope

We madeTekken2walk on a right-inclined slopeof 4 [deg] (0.07[rad)]) in indoar

ervironmert in order to confirmthe effectiveressof a sidavay steppingreflex. As

aresultof the expeiiment, the bodyroll angleandthe hip yaw angley of theright
foreleg and left foreleg are shown in Fig.7, where Tekken2 walked on the right-

inclinedslopefrom 3 to 6.7 [sec].In Fig.7,we canseethatthe body roll anglewas
positive (0.03~0.18[rad]) while walkingontheright-inclinedslopeandW S M was
keptlarge (appiox. 0.5~0.7). The hip yaw joint of the right foreleg movedto the
outsideof thebody (right) by appox. 0.13 [rad] dueto thesidevay steppingeflex in

theswingphaseandmovedto theinsideof thebody by appro. -0.04 [rad] dueto the
gravity loadin thestancgphaseWe canseesimilarmotionof theleft forelegin Fig.7.
Consequetly, Tekker2 succeedein straightwalking onthesidevayinclinedslope.
Without a sidawvay steppingreflex, rolling motion of Tekken2wasmuchdisturked
onthesidevay inclinedslopeandTekker2 sometimedailedin keepirg walking.

5.2 Walking Down a Large Step

Tekker2 successfullywalked down alarge stepwith approc. 0.5[m/s] speedusing
there-steppig reflex/responseln Fig.8,are-steppig resporsewasactivatedwhen
the contadt of theright fore leg hadnot beendetectedor 0.14[s] afterthe activity
of theflexor neura becamezero.Withoutthere-stepjing reflex/responseTekker2
typically fell down forward becausdore legs landedon the backwarder position
excessvely andcoud notdepesstheincresedforward speed.
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Fig. 7. Walkingonaright-inclinedslopeof 0.07[rad] (4 [deg]) with asidevay steppingeflex.
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Fig. 8. Walking down a stepof 7 [cm] in heightwith are-steppingeflex/response.

5.3 Outdoor Experiments

Evenona paved roadin outdoa ervironmern, thereexist a slopeof 3 [deg] atmost,
bumpsof 1 [cm] in heightand small pebbleseverywhere.With all respasesand
reflexes describedn Section4.4, Tekken2successfullymaintaineda stablegait on
the paved roadfor 4 [min] with appiox. 0.5[m/s] speedwhile changng its walking
speedanddirectionby receving the opeationcommandsfrom theradiocontmoller.
In addition the effectivenessof the active landng cortrol on the soft grourd was
confirmed by the successfulexpeliment of walking on the natual ground with
scatteredpebblesandgrassegFig.2). MPEG footageof theseexpetimentscanbe
seenat: http://www.kimura.is.uec.ac.jp.
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6 Conclusion

In this study we desigred the neurl systemconsistingof CPGs,resporses,and
reflexes referiing to biological conceptswhile taking the necessargondtions for
adaptie walkinginto accountln this neurd systemmodel,therelationslips amorg
CPGs,sensoryinput, reflexes andthe mechaical systemweresimply defined,and
motiongeneationandadaptatiowereemengingly inducel by thecouplead dynamics
of aneual systemanda mechanichsystemby interactingwith theernvironmert.

In order to malke the self-cortained quaduped roba walk in outdoor natu-
ral ervironment,we newly employed a sidevay steppingreflex, a re-steppig re-
flex/respanse andtheactivelandingcontrd of theswingirg legs.We shoud employ
additioral reflexes andrespmses andalsonavigation ability atthe high level using
vision to increasehedegreesof terrainirregularity which Tekken2cancopewith.
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