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Abstract. We have beentrying to inducea quadrupedrobot to walk with mediumwalking
speedonirregularterrainbasedonbiologicalconcepts.Weproposetheessentialconditionsfor
stabledynamicwalkingon irregularterrainin general,andwedesignthemechanicalsystem
and the neural systemby comparingbiological conceptswith thoseessentialconditions
describedin physical terms. PD-controllerat joints constructsthe virtual spring-damper
systemas the visco-elasticitymodel of a muscle.The neuralsystemmodel consistsof a
CPG(centralpatterngenerator),reflexesandresponses.Wereportourexperimentalresultsof
dynamicwalkingonirregularterrainin outdoorenvironment usingaself-containedquadruped
robotin orderto verify theeffectivenessof thedesignedneuro-mechanicalsystem.

1 Intr oduction

Many previousstudiesof leggedrobotshave beenperformed,including studieson
running and dynamic walking on irregular terrain. However, all of thosestudies
assumedthat the structureof terrain was known, even though the height of the
stepor the inclination of the slopewasunknown. The purposeof this study is to
realizehigh-speedmobility on irregular terrainwith lessknowledge of it usinga
mammal-likequadrupedrobot, thedynamic walkingof whichis lessstablethanthat
of hexapodrobots,byreferring to themarvelousabilitiesof animalstoautonomously
adaptto their environment.

Asmany biologicalstudiesof motioncontrol progressed,it hasbecomegenerally
acceptedthatanimals’walking is mainlygeneratedat thespinalcordby acombina-
tion of a CPG(central patterngenerator)andreflexesreceiving adjustment signals
fromacerebrum,cerebellumandbrainstem[1].A greatdealof thepreviousresearch
on this attemptedto generatewalking usinga neural systemmodel, including stud-
iesondynamicwalking in simulation[2–5],andrealrobots[6–8]. But autonomously
adaptive dynamic walking on irregular terrainwasrarely realizedin thoseearlier
studiesexcept for ourstudies[9,10]. Thispaperreportsonourprogressusingaself-
contained(powerautonomous)quadrupedrobot called“Tekken2” (Fig.1) whichwas
newly developedfor adaptive walking on irregular terrainin outdoor environment
(Fig.2).

2 Self-contained Quadruped: Tekken2

Eachleg of Tekken2hasahip pitch joint, ahip yaw joint, akneepitch joint, andan
anklepitch joint (Fig.1).Thedirection in which Tekken2walkscanbechangedby
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usingthehip yaw joints.Two rategyro sensorsandtwo inclinometersaremounted
on thebodyin orderto measurethebodypitch androll angles.

In order to obtainappropriatemutual entrainment betweenneuralsystemand
mechanical system,mechanical systemshouldbe well designedto have the good
dynamic properties.In addition,performanceof dynamicwalkingsuchasadaptabil-
ity onirregular terrain,energy efficiency, maximumspeedandsoonhighly depends
on themechanical design.Thedesignconceptsof Tekken2are:

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

(2) smallgearreductionratiofor highbackdrivability to increasepassivecompliance
of joints,

(3) smallmassof thelowestlink of legsto decreaseimpactforceat collision,
(4) smallcontacting areaat toesto increaseadaptability on irregular terrain.
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Fig.1. Tekken2.The lengthof the body anda
leg in standingare 30 [cm] and 20 [cm]. The
weightincludingbatteriesis 4.3 [kg].

Fig.2. Photoof walking in outdooren-
vironment.

3 NecessaryConditions for StableDynamic Walking

Weproposethenecessaryconditionsfor stabledynamicwalkingonirregularterrain,
which canbeitemizedin physicalterms:

(a) theperiodof thewalking cycleshouldbeshorterenoughthantheupper bound
of it, in which stabledynamic walkingcanberealized[11],

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

(c) theswinginglegsshouldlandreliably on thegroundduring thesecondperiod
of theswingphase,
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(d) theangularvelocityof thesupporting legsrelativeto thegroundshouldbekept
constantduringtheirpitchingmotionor rollingmotionaround thecontact points
at themoment of landing or leaving,

(e) thephasedifferencebetweenrolling motionof thebodyandpitching motionof
legsshouldbemaintainedregardlessof adisturbancefrom irregular terrain,and

(f) thephasedifferencesbetweenthelegsshouldbemaintainedregardlessof delay
in thepitching motion of a leg receiving adisturbancefrom irregular terrain.

We designtheneural systemfor thesenecessaryconditions to besatisfiedin order
to realizeadaptivewalking.

4 Implementation of Neural Systemfor AdaptiveWalking

The basicneuralsystemmodel of Tekken2 is samewith the oneof Tekken1. We
define a “reflex” as joint torque generation basedon sensorinformation and a
“response” asCPGphasemodulation throughsensoryfeedbackto a CPG.Several
reflexes and responsesare newly employed in Tekken2 for adaptive walking in
outdoor environment.

4.1 Rhythmic Motion by CPG

We constructtheneural systemcentering a neural oscillatorasa model of a CPG,
sincetheexchangebetweentheswingandstancephasesin the short term andthe
quick adjustment of thesephaseson irregular terrainareessentialin the dynamic
walking of a quadrupedwherethe unstabletwo-legged stancephaseappears. Al-
though actualneuronsasaCPGin higheranimalshavenotyetbecomewell known,
featuresof a CPG have beenactively studiedin biology, physiology, and so on.
Severalmathematical modelswerealsoproposed,andit waspointedout thataCPG
hasthe capability to generate andmodulate walking patternsand to be mutually
entrained with a rhythmic joint motion [1]. As a model of a CPG,we useda neural
oscillatorproposedby Matsuoka, andappliedto thebipedsimulationby Taga[2]. A
singleneuraloscillatorconsistsof two mutuallyinhibiting neurons(Fig.3-(a)).Each
neuron in thismodelis representedby thefollowingnonlineardifferentialequations:
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wherethesuffix + , B , and C meananextensorneuron, a flexor neuron, andthe C -th
neural oscillator, respectively. ���	��
 ��
�� is � �D� or � ��� , that is, the inner stateof an
extensor neuron or a flexor neuron of the C -th neural oscillator;$%����
 ��
�� is a variable
representing the degreeof the self-inhibition effect of the neuron; � �D� and � ��� are
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Neural Oscillator(a)

LF : left   fore leg

LH : left   hind leg
RF : right fore leg
RH : right hind leg

(b) Neural Oscillator
Network
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Fig.3. Neuraloscillatorasa modelof a CPG.Thesuffix E�F	G,HJI�FLK�FNM�FPO corresponds to LF,
LH, RF, RH. L, R, F or H meanstheleft, right, foreor hind leg, respectively.

the output of extensor andflexor neurons; ��& is an external input with a constant
rate; ),+�+�-�����
 ��
�� is a feedback signalfrom the robot, that is, a joint angle,angular
velocityandsoon;and# is aconstantrepresenting thedegreeof theself-inhibition
influenceon the inner state.The quantities� and � ? aretime constantsof ������
 ��
��
and$%����
 ��
�� ; � ��� is aconnecting weightbetweenflexor andextensorneurons; � � 0 is
a connectingweightbetweenneuronsof the C -th andQ -th neural oscillator.

In Fig.3-(a), theoutput of a CPGis aphasesignal:� � .

��� �R� ���D� � ����� (2)

Thepositive or negative valueof ��� correspondsto activity of a flexor or extensor
neuron, respectively.

We usethe following hip joint angle feedback as a basicsensoryinput to a
CPGcalleda “tonic stretchresponse” in all experimentsof thisstudy. Thisnegative
feedbackmakesa CPGbeentrainedwith a rhythmic hip joint motion.
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where Z is the measuredhip joint angle, Z & is the origin of the hip joint anglein
standingand Y UWV]X is thefeedbackgain. We eliminatethesuffix C whenwe consider
a singleneural oscillator.

By connecting the CPGof eachleg (Fig.3-(b)), CPGsaremutually entrained
and oscillate in the sameperiod and with a fixed phasedifference.This mutual
entrainment 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.Diagonal legsand
laterallegsarepairedandmove together in a trot gait anda pacegait, respectively.
A walk gait is the transversal gait betweenthe trot andpacegaits.We useda trot
gaitandawalk gait.Theautonomousgait transitionin changing walkingspeedwas
discussedin our formerstudy[10].

Although the sizeandweightof Tekken2 aredifferent from thoseof Tekken1,
thevaluesof theparametersof CPGsusedfor Tekken2weresamewith thoseused
for Tekken1.

4.2 Virtual Spring-damper System

Weemploy themodel of themusclestiffness,whichisgeneratedby thestretchreflex
andvariable according to the stance/swingphases,adjustedby the neuralsystem.
The musclestiffnessis high in a stancephasefor supporting a body against the
gravity andlow in a swing phasefor complianceagainst the disturbance. In order
to generateeachmotionsuchasswingingup(A), swingingforward(B) andpulling
down/backof a supporting leg (C), all joints of Tekken2 arePD controlled to move
to theirdesiredanglesin eachof threestates(A, B, C). Thetiming for all jointsof a
leg to switchto thenext stateare:

^`_ba
: whenthehip joint of theleg reachesthedesiredangleof thestate(A)ac_bd
: whentheCPGextensorneuron of theleg becomesactive (� �fe = )d�_b^
: whentheCPGflexor neuron of theleg becomesactive(� �hg = )

SinceTekken2hashigh backdrivability with smallgearratio in eachjoint, PD-
controller canconstruct thevirtualspring-dampersystemwith relatively low stiffness
coupledwith themechanical system.Suchcompliant jointsof legscanimprovethe
passiveadaptability on irregular terrain.

4.3 CPGsand Pitching Motion of Legs

The diagramof the pitching motion control consisting of CPGsand the virtual
spring-dampersystemis shown in themiddlepartof Fig.4.Jointtorqueof all joints
is determinedby thePD controller, corresponding to a stretchreflex at an i motor
neuron in animals.ThedesiredangleandP-gainof eachjoint is switchedbasedon
the phaseof the CPGoutput: ��� in Eq.(2) asdescribed in Section4.2. As a result
of the switchingof the virtual spring-dampersystemandthe joint anglefeedback
signalto theCPGin Eq.(4), theCPGandthepitching motionof theleg aremutually
entrained.

Thenecessarycondition(f) canbesatisfiedby themutual entrainmentbetween
CPGsandthepitchingmotionof legs,andthemutualentrainmentamongCPGs[9].
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Fig.4. Control diagramfor Tekken2.PD-controlat the hip yaw and kneepitch joints are
eliminatedin this figure.

4.4 Reflexesand Responses

Referringto biological knowledge,we employedtheseveralreflexesandresponses
(Table1, Fig.4) to satisfy the necessaryconditions (b) j (e) describedin physical
termsin Section3 in addition to thestretchreflex andresponsedescribedin Section
4.2 and4.1. In Table1,thesidewaysteppingreflex andthere-steppingreflex/response
werenewly employed on Tekken2. Otherreflexesandresponseshadalreadybeen
employedon Tekken1[10].

SidewaySteppingReflexto StabilizeRolling Motion It is known thattheadjust-
mentof the sideway touchdown angleof a swingingleg is effective in stabilizing
rolling motion against disturbances[12].We call this a “sideway steppingreflex,”
whichhelpsto satisfythecondition (d) during rolling motion. Thesidewaystepping
reflex is effectivealsoin walking on asideway inclinedslope.

For examples,whenTekken2walkson a right-inclined slope(Fig.5), Tekken2
continuesto walk while keepingthe phasedifferencesbetweenleft andright lges
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Table 1. ReflexesandResponsesemployedon Tekken2.

sensedvalueor event activated necessary
on conditions

flexor reflex collisionwith obstacle sw (b)
steppingreflex forwardspeed sw (d)

vestibulospinalreflex/response bodypitch angle sp (d)
tonic labyrinthineresponse bodyroll angle sp&sw (c),(d),(e)

sideway steppingreflex bodyroll angle sw (d)
re-steppingreflex/response lossof ground contact sw (d)

Thespandsw meanthesupportingleg andswingingleg, respectively.
Thecorresponding necessaryconditionsaredescribedin Section3.

front view

WSM WSM

(a) (b)

body roll angle

right left

Fig.5. Walking on a sideway inclined slope.
(a):withouta sideway steppingreflex, (b):with.

re-stepping

Fig.6. Re-steppingreflex and re-
sponse.

with thehelpof the tonic labyrinthineresponse.But Tekken2 cannot walk straight
andshifts its walking direction to theright dueto thedifferenceof thegravity load
betweenleft andright legs. In addition, Tekken2typically falls down to the right
for the perturbationfrom the left in the caseof Fig.5-(a), sincethe wide stability
margin: kml�n 1 is small.Thesidewaystepping reflex helpsto stabilizethewalking
directionandto preventtherobot from falling down while keepingkml�n largeon
suchsideway inclinedslope(Fig.5-(b)).

SinceTekken2 has no joint round the roll axis, the sideway stepping reflex
is implementedaschanging the desiredangleof the hip yaw joint from 0 to oqp
according to Eq.(5).

o p �Rr 8<sP+�t">"Y VDUWuLXwv (body roll angle) (5)

r 8<sP+]tA>f� x ; if sP+�t is a right leg;� x ; otherwise

1 theshortestdistancefrom the projectedpoint of the centerof gravity to the edgesof the
polygonconstructedby theprojectedpointsof legs independentof their stanceor swing
phases[10].
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Re-steppingReflexandResponsefor Walking Down a Step Whenlossof ground
contactis detectedin a swing phasewhile walking over a ditch, a cat activates
re-stepping to extend the swing phaseand make the leg land on the forwarder
position[13]. We call this “re-stepping reflex/response,” which is effective for the
necessarycondition (c) and (d) to be satisfiedalso in walking down a large step
(Fig.6).

4.5 ActiveLanding Control on the Soft Ground

While walkingonthesoftground,therolling motionis muchdisturbedsinceit takes
longerto establishthe reliablelandingof the swinginglegs.Tekken2changesthe
stateof thevirtual spring-dampersystemfrom theswingingto thestancebefore the
actualcontactof a leg ontheground,whentheoutput phaseof aCPGchangesfrom
the flexor neuron active phaseto the extensorneuron active phaseasdescribed in
Section4.2. This control contributesto obtainthe reliablelandingof theswinging
legsassoonaspossible,andhelpsthenecessarycondition (c) besatisfied.

5 Experiments

5.1 Walking on a SidewayInclined Slope

We madeTekken2walk on a right-inclined slopeof 4 [deg] (0.07[rad]) in indoor
environment in order to confirmtheeffectivenessof a sideway steppingreflex. As
a resultof theexperiment,thebodyroll angleandthehip yaw angleo of theright
foreleg and left foreleg are shown in Fig.7, whereTekken2 walked on the right-
inclinedslopefrom 3 to 6.7 [sec].In Fig.7,we canseethat thebody roll anglewas
positive(0.03j 0.18[rad]) while walkingontheright-inclinedslopeand kml�n was
kept large (approx. 0.5j 0.7). The hip yaw joint of the right foreleg moved to the
outsideof thebody (right) by approx.0.13 [rad] dueto thesidewaysteppingreflex in
theswingphaseandmovedto theinsideof thebody byapprox. -0.04 [rad]dueto the
gravity loadin thestancephase.Wecanseesimilarmotionof theleft forelegin Fig.7.
Consequently, Tekken2 succeeded in straightwalkingonthesidewayinclinedslope.
Without a sideway steppingreflex, rolling motionof Tekken2wasmuchdisturbed
on thesideway inclinedslopeandTekken2 sometimesfailedin keeping walking.

5.2 Walking Down a Lar geStep

Tekken2 successfullywalkeddown a largestepwith approx. 0.5 [m/s] speedusing
there-stepping reflex/response.In Fig.8,are-stepping responsewasactivatedwhen
thecontact of theright fore leg hadnot beendetectedfor 0.14[s] after theactivity
of theflexor neuron becamezero.Without there-stepping reflex/response,Tekken2
typically fell down forward becausefore legs landedon the backwarder position
excessively andcould not depresstheincreasedforward speed.
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Fig.8. Walkingdown a stepof 7 [cm] in heightwith a re-steppingreflex/response.

5.3 Outdoor Experiments

Evenonapaved roadin outdoor environment, thereexist aslopeof 3 [deg] atmost,
bumpsof 1 [cm] in heightandsmall pebbleseverywhere.With all responsesand
reflexes describedin Section4.4, Tekken2successfullymaintaineda stablegait on
thepaved roadfor 4 [min] with approx. 0.5 [m/s] speedwhile changing its walking
speedanddirectionby receiving theoperationcommandsfrom theradiocontroller.
In addition, the effectivenessof the active landing control on the soft ground was
confirmed by the successfulexperiment of walking on the natural ground with
scatteredpebblesandgrasses(Fig.2). MPEG footageof theseexperimentscanbe
seenat: http://www.kimura.is.uec.ac.jp.
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6 Conclusion

In this study, we designed the neural systemconsistingof CPGs,responses,and
reflexes referring to biological conceptswhile taking the necessaryconditions for
adaptivewalking into account.In thisneural systemmodel,therelationshipsamong
CPGs,sensoryinput, reflexes andthemechanical systemweresimply defined,and
motiongenerationandadaptationwereemergingly inducedby thecoupleddynamics
of a neural systemandamechanical systemby interactingwith theenvironment.

In order to make the self-contained quadruped robot walk in outdoor natu-
ral environment,we newly employed a sideway steppingreflex, a re-stepping re-
flex/response,andtheactivelandingcontrol of theswinging legs.Weshould employ
additional reflexes andresponses,andalsonavigationability at thehigh level using
vision to increasethedegreesof terrainirregularity whichTekken2cancopewith.
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