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Abstract— We have been trying to induce a quadruped
robot to walk with medium walking speed on irr egular
terrain basedon biological concepts.We proposethe essential
conditions for stable dynamic walking on irr egular terrain
in general, and we design the mechanical system and the
neural system by comparing biological conceptswith those
essentialconditions describedin physicalterms. PD-controller
at joints constructs the virtual spring-damper systemas the
visco-elasticity model of a muscle. The neural systemmodel
consistsof a CPG (central pattern generator), reflexesand
responsesA CPG generatesrhythmic motion for walking. We
define a “r eflex” as joint torque generation basedon sensor
information and a “r esponse” as CPG phase modulation
thr ough sensoryfeedbackto a CPG. The state of the virtual
spring-damper systemis switched basedon the phasesignal
of the CPG. CPGs, the motion of the virtual spring-damper
system of each leg and the rolling motion of the body are
mutually entrained through the rolling motion feedback to
CPGs, and can generate adaptive walking. We report our
experimental resultsof dynamic walking on irr egular terrain
in outdoor ernvironment using a self-contained quadruped
robot in order to verify the effectivenessof the designed
neuro-mechanicalsystem.MPEG footageof theseexperiments
can be seenat: http://wwwkimura.is.uec.ac.jp

I. INTRODUCTION

Many previous studies of legged robots have been
perfamed, including studieson running[1] and dynamic
walking [2], [3], [4], [5], [6] on irregular terrain. However,
all of thosestudiesassumedhatthe structue of terrainwas
knawn, eventhoudh the heightof the stepor theinclination
of the slopewas unknown.

Ontheotherhand studiesof autonanousdynamicadap-
tation allowing a robot to walk over irregular terrain with
lessknowledge of it have beenstartedonly recentlyand
by only a few researchgroups. One exanple is the recen
achievement of high-speedmobility of a hexapod over
irregular terrain with appopriate mechaical comgiance
of the legs[7], [8] basedon the biomectanical concet[9].
The pumposeof this studyis to realizehigh-speedmobility
on irregular terrainusinga mammallik e quadupedrobot,
the dynamic walking of which is less stablethan that of
hexapod robots, by referring to the marwelous abilities of
animalsto autoromouslyadap to their ervironment.
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As mary biological studiesof motioncontrolprogessed,
it hasbecone geneeally acceptedhat animals’walking is
mainly gereratedat the spinal cord by a combindion of
a CPG (central pattern gener#or) and reflexes receving
adjustmen signalsfrom a cerebum, cerebellumandbrain
stem[1Q, [11]. A great deal of the previous research
on this attemptedto geneate walking using a neural
systemmodad, including studieson dynamic walking in
simulationfL2], [13], [14], [15], andreal robas[16], [17],
[18], [19]. But autonanouslyadaptve dynamc walking on
irregular terrainwasrarely realizedin thoseearlierstudies
excep for our studies[20], [21]. This paperrepats on
our progressusing a self-cortained (power autonanous)
quadupedrobotcalled“Tekker2” which wasnewly devel-
opedfor adaptve walking on irregular terrainin outdaor
ervironmer.

Il. SELF-CONTAINED QUADRUPED: TEKKENZ2

Eachleg of Tekken2 hasa hip pitch joint, a hip yaw
joint, a knee pitch joint, and an ankle pitch joint (Fig.l).
The direction in which Tekker2 walks canbe changedby
using the hip yaw joints. Two rate gyro sensorsand two
inclinometersaremountedon the bodyin orderto measure
the body pitch androll angles.

In order to obtain apgopriate mutud entrairment be-
tween neural systemand mechanich system,mectanical
systemshouldbe well designedo have the good dynamic
properties. In addition perfamanceof dynamic walking
suchasadaptabilityon irregular terrain,enegy efficiency,
maximum speedandso on highly depend on the mecha-
ical design.The designcorceptsof Tekken2are:

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

(2) smallgearreduction ratio for high backdivability
to increasepassie compliarce of joints,

(3) smallmassof the lowestlink of legsto decreae
impactforce at collision,

(4) small contactingareaat toesto increaseadapt-

ability on irregular terrain,
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Fig.1. Self-conained quadrugdrobot: Tekken2. Thelength of the body
and a leg in standng are 30 [cm] and 20 [cm]. The weight including
bateriesis 4.3 [kg].

()

passve anklejoint mechaism to preventa swing-
ing leg from stumbleon an obstaclequicky.

I11. NECESSARY CONDITIONS FOR STABLE DYNAMIC
WALKING

We proposethe necessargondtions for stabledynamic
walking on irregular terrain, which can be itemized in
physical terms:

(&) theperiad of the walking cycle shouldbe shorter

enoudn thanthe upper bound of it, in which stable

dynamc walking canbe realized22],

the swinginglegs shouldbe free to move forward

during the first periad of the swing phase,

the swinging legs should land reliably on the

ground duiing the secondperiad of the swing

phase,

theanguar veloaty of the suppating legsrelative

to the ground shoud be kept constah during

their pitching motion or rolling motion arourd

the conta¢ points at the momen of landing or

leaving,

the phasedifference betweenrolling motion of

the body and pitching motion of legs should

be maintaired regardless of a disturbarce from

irregular terrain,and

{) the phasedifferencesbetweernthe legs shouldbe
maintainedregardless of delay in the pitching
motion of a leg receving a disturbare from
irregular terrain.

We designthe neuralsystemfor thesenecessargorditions
to be satisfiedin orde to realizeadaptie walking.

(b)
(©)

(d)

(e)

IV. IMPLEMENTATION OF NEURAL SYSTEM FOR
ADAPTIVE WALKING

The basicneuralsystemmodelof Tekken2is samewith
the one of Tekkenl We definea “reflex” asjoint torque
geneationbasedn sensolinformationanda “resporse” as
CPGphasemoduationthroughsensonfeedba& to a CPG.
Severalreflexes andrespoisesareemployedin Tekker? for
adaptve walking in outdoa ervironment.

A. RhythmicMotion by CPG

We constructthe neuralsystemcenterirgy a neura oscil-
lator as a model of a CPG, since the excharge between
the swing and stancephasesin the short term and the
quick adjustmen of thesephaseson irreguar terrain are
essentialn the dynamc walking of a quadrupel wherethe
unstabletwo-legged stancephase appeas. Although actual
neuras asa CPGin higher animalshave not yet become
well known, featuresof a CPG have beenactively studied
in biology, physiology, and so on. Several mathematical
modelswere also proposed,andit was pointed out that a
CPG hasthe capability to generateand modulae walking
patternsandto be mutually entraing with a rhythmic joint
motion[10], [11]. As a modelof a CPG,we useda neural
oscillator proposedby Matsuoka[23], and appliedto the
bipedsimulationby Taga[R], [13]. A singleneura oscilla-
tor consistsof two mutually inhibiting neurms (Fig.2-(a)).
Eachneurm in this mockl is representedby the following
nonlinear differential equations:

Tlfe,fti = —Ufe,fti T WreY{feti — BVie,f}i
+ug + Feedge pyi + Y Wigyie )
j=1
Y{e,f}i max (ufe, f}s,0) 1)
T'Uefti = —Vfef}i T Yef}i

wherethe suffix e, f, andi meanan extersor neuon, a
flexor neuon, and the i-th neural oscillator respectiely.
Ufe, fyi IS ue; OF uy;, thatis, the inner stateof an extensor
neuro or a flexor neuon of the i-th neual oscillator;
Ve, f}i IS @ variable represeting the degree of the self-
inhibition effect of the neuron y.; andyy; are the output
of extensa andflexor neuons;ug is anextemal input with
a constantrate; Feedy. y; is a feedlack signal from the
roba, thatis, a joint angle, angdar velocity and so on;
and 3 is a constantrepresentig the degree of the self-
inhibition influerce on the inner state. The quantities
and 7’ are time constantsof wuy. sy; and vy gy wye iS
a conrectingweight betweenflexor and extersor neuons;
w;y; is aconnectiyg weightbetweemeuonsof thei-th and
j-th neuraloscillator

In Fig.24a), the outpu of a CPGis a phasesignal:y; .

Yi = —Yei + Yri 2

The positive or negative valueof y; correspondgo activity
of a flexor or extensor neuran, respectiely.

We usethefollowing hip joint anglefeedbackasa basic
sensonyinput to a CPGcalleda “tonic stretchrespase”in
all experimentsof this study This negative feedba&k malkes
a CPG be entraired with a rhythmic hip joint motion.

Feede.tsr = kisr(0 — 6p), Feedg.pop = —Feedetsy (3)
(4)

whered is the measurecdhip joint angle, , is the origin
of the hip joint anglein standingand k;, is the feedlack
gain. We eliminatethe suffix i whenwe consicer a single
neurd oscillator

Feed{e,f} = Feed{eyf}.ty
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Fig. 2. Neuraloscillatorasamodelof aCPG.Thesufix ¢, = 1,2, 3,4
correspadsto LF, LH, RF, RH. L, R, F or H meansthe left, right, fore
or hind leg, respetively.

By conneting the CPG of eachleg (Fig.2{(b)), CPGs
are mutually entraned and oscillate in the same period
andwith afixed phaseadifference.This mutual entrainnent
betweenthe CPGsof the legsresultsin a gait. The gaitis
awalking pattern,andcanbe definedby phase differences
betweenthe legs during their pitching motion. The typicd
symmetricgaits are a trot and a pace.Diagonallegs and
laterallegs are pairedand move togetter in a trot gait and
a pacegait, respectidly. A walk gait is the trans\ersal gait
betweenthe trot and pacegaits. We useda trot gait and
a walk gait. The autoromots gait transitionin changng
walking speedwas discussedn our former study [21].

Although the size and weight of Tekker2 are different
from those of Tekken], the valuesof the paraneters of
CPGsusedfor Tekker2 were samewith those used for
Tekkenl.

B. Virtual SpringdamperSystem

We emplg/ the model of the musclestiffness,which is
geneatedby thestretchreflex andvariable accordirg to the
stance/swingphases adjustedby the neuial system.The
musclestiffnessis high in a stancephasefor suppoting
a body aganst the gravity andlow in a swing phasefor
comgiance agairst the disturbance. All joints of Tekken2
are PD contrdled to move to their desiredanglesin each
of threestates(A, B, C) in Fig.3in orderto geneateeach
motion suchasswingingup (A), swingingforward (B) and
pulling down/backof a supporting leg (C). The timing for
all joints of a leg to switch to the next stateare:

A — B:
« whenthehip joint angleof the leg reacheghe desired
angleof the state(A)
B — C-:
« whenthe CPG extensa neuran of the leg becones
actve (y; < 0)
C — A

« whenthe CPGflexor neuran of theleg becongesactive
(yi > 0)

swing phase

hind «—— fore

v actual ‘(
state
©
virtual spring- \
damper system \

stance phase

Fig. 3. Stae transtion in the virtual spring-dampesystem.The desired
joint angles in eachstateare shovn by the broken lines.

TABLE |
DESIRED VALUE OF THE JOINT ANGLES AND P-GAINS AT THE JOINTS
USED IN THE PD-CONTROLLER FOR THE VIRTUAL SPRING-DAMPER
SYSTEM IN EACH STATE SHOWN IN FIG.3.

| | P contol |
angk in staké | desiredvalue[rad] P-gain[Nm/ra]
0in A 1.200_. 4 G1
6inB —0.17 Gav+G3
finC Gstance+ *G4V+G5
body pitch angle
dINA&B * Gs
$incC 0.61 Gr
1 in all states 0 Gs

6, ¢ and+) arethe hip pitch joint anglethe kneepitch joint
angleandthe hip yaw joint angle respedvely.
6c—. A: the hip joint anglemeasuredat the instance
whenthe statechange from (C) to (A).
Ostance: variableto change the walking speed.
body pitch angke: the measurd pitching angle of
the body usedfor the vestitulospinalreflex.
+* meansthat the desirel angleis calaulated
on-line for the heightfrom the toe to the hip
joint to be constant.
v [m/s]: the measurd walking speedof Tekken2.

The desiredanglesand P-gainof eachjoint in eachstate
areshawn in Tablel, whereconstah valuesof the desired
joint anglesand constah P-gans were deternined throuch
expeliments. Since Tekker2 hashigh backdivability with
small gearratio in eachjoint, PD-contpller can construct
the virtual springdampersystemwith relatively low stiff-
nesscougded with the mechaical system.Suchconpliant
joints of legs can improve the passve adaptability on
irregular terrain

C. CPGsand Pitching Motion of Legs

The diagramof the pitching motion contiol consistingof
CPGsandthevirtual springdampe systemis shavn in the
middle partof Fig.4. Jointtorque of all jointsis determired
by the PD controller correspading to a stretchreflex at
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an « motor neuon in animals.The desiredangle and P-
gain of eachjoint is switchedbasedon the phaseof the
CPGoutpu: y; in Eq.(2) asdescribedn SectionlV-B. As a
resultof the switchingof the virtual springdampe system
andthe joint anglefeedba&k signalto the CPGin Eq.(4),

the CPG and the pitching motion of the leg are mutually
entrainel.

vestibule

body
pitch angl

tonic labyrinthine

body
roll angle

= - - ¢ "D

re-stepping
response y;>0 ‘
—= O
swin
O+j

f 6
i\ 7 nterneuron

estanc 3
%
(O —p—0)

response

i
1
'
1
'
1
'
1
'
1
'
1
L
1
'
1
'

J

vestibulospinal

flex/ for pitchi
sideway StoppIT reflex/response for pitching
reflex

Fig. 4. Control diagam for Tekker2. PD-controlat the hip yav and
kneepitch joints are eliminatedin this figure.

The necessarycondtion (f) can be satisfied by the
mutualentrainmat betweenCPGsandthe pitching motion
of legs, andthe mutual entrailmentamongCPGs[20].

D. Reflékesand Responses

Referring to biological knowledge, we employed the
severalreflexesandrespomses(Tablell, Fig.4)to satisfythe
necessargondtions (b)~(e) descritedin physicaltermsin
Sectionlll in additionto the stretchreflex and respoise
describedn SectionlV-B andIV-A. In Tablell, the tonic
labyrinthine reflex, the sidavay steppingreflex andthe re-
steppingeflex/respnsewerenenly employedon Tekker2.
Other reflexes and resporseshad alreadybeenemplo/ed
on Tekkenl [21].

1) Tonic Labyrinthine Refle: The tonic labyrinthine
reflex (TLRF) is employed as the adjustmen of P-gain
of the knee joint of the suppating legs (G, in Table )
accordng to Eq.(5.

G = 6(leg) kury x (body roll angle)+ G (5)

_ 1, if leg is aright leg;
8(leg) _{ —1, otherwise

When an inclination of a body in roll plane (body roll
angle)is detectedthe kneejoint P-gan of the downward-
inclined legsis increasedto exterd thoselegs. In additian,
the knee joint P-gain of the upward-inclined legs is de-
creasedo flex thoselges. As a result, the inclination of
the body in roll planeis decreased

2) Sidewvay Steppig Reflex to StabilizeRolling Motion:
It is known that the adjustmen of the sidevay touctdown
angle of a swinging leg is effective in stabilizing rolling
motion agairst disturbances[2t We call this a “sideway
steppingreflex,” which helpsto satisfy the condition (d)
during rolling motion. The sidewvay stepping reflex is
effective alsoin walking on a sidevay inclined slope.

For exanples, when Tekken2 walks on a right-inclined
slope (Fig.5), Tekken2 continues to walk while keepirg
the phasedifferenceshetweenleft andright Igeswith the
helpof thetonic labyrinthine resporse.But Tekken2cannot
walk straightand shifts its walking direction to the right
dueto the differenceof the gravity load betweenleft and
right legs. In addition Tekken2 typically falls down to
the right for the pertubation from the left in the case
of Fig.54a), sincethe wide stability mamgin: WSM 1. is
small. The sidavay steppimg reflex helpsto stabilize the
walking direction and to prevent the roba from falling
down while keepingiW S M large on suchsidewvay inclined

slope(Fig.5-(0)).

,body roll angle

+ front view
right left
+
Y
“WSM ws
(@) (b)

Fig. 5. Walking on a sidevay inclined slope. (a):Wthout a sidevay
steppng reflex, (b):With.

Since Tekken2 has no joint round the roll axis, the
sidevay steppingreflex is implemented as changimg the
desiredangleof the hip yaw joint from O (Tablel) to ¢*
accordng to Eq.(6.

Y* = 0(leg) ksipr x (body roll angle) (6)

3) Re-stepmg Reflex and Responsdor Walking Down
a Step: When loss of grourd contactis detectedin a
swing phasewhile walking over a ditch, a cat activatesre-
steppingto extendthe swing phaseand make the leg land
on the forwarder positio25]. We call this “re-steppimgy
reflex/responsé, which is effective for the necessangcon-
dition (c) and (d) to be satisfiedalso in walking down a
large step(Fig.6).

Lthe shortestistance from the projeded point of the cener of gravity

to the edgesof the polygon constricted by the projeded points of legs
independentof their stanceor swing phases[2]
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TABLE I
REFLEXES AND RESPONSES EMPLOYED ON TEKKEN2

| | sensedvalue or evert | actvatedon | correspondig necessargordition |
flexor reflex collision with obstacle Sw (b)

steppingreflex forward speed sw (d) for pitching

vestitulospiral reflex/respnse body pitch angle sp (d) for pitching
tonic labyrinthine reflex body roll angle sp (d) for rolling

tonic labyrinthine resporse body roll angle sp&sw (c), (d) for rolling, (e)

sidevay steppingreflex body roll angle sw (d) for rolling

re-stepping reflex/response | lossof grourd cortact Sw (d) for pitching

The sp and sw meanthe suppating leg and swinging leg, respectiely.
The necessargonditions are descrited in Sectionlll .

re-stepping

>
h

g

Fig. 6. Re-steping reflex andresponse

E. ReliableLandng Contwol on the Soft Ground

While walking on the soft ground, the rolling motion
is much disturbedsince it takes longe to establishthe
reliablelandingof the swinginglegs. In orderto obtainthe
reliable landing of the swinging legs as soonas possible,
Tekker? outputs addtional torque at knee joint towards
extendng direction at the instancewhen the outpu phase
of a CPG changs from the flexor neuon active phaseto
the extensorneurm active phase.This contrd helpsthe
necessarygondtion (c) be satisfied.

V. EXPERIMENTS
A. Walking Down a Large Step

Tekker? successfullywalked down alarge stepwith ap-
prox. 0.5[m/s] speedusingthe re-stepg reflex/respnse
(Fig.7). Without the re-steppig reflex/response,Tekken2
typically fell down forward becausefore legs landedon
the backwarder positionexcessvely andcould not depress
the increasedforward speed.

B. ExperimentdJnder Long-lasting Disturbarces

We made Tekker2 walk on a right-inclined slope of
4 [deg] (0.07 [rad]) in indoor ervironment with all re-
sponsesand reflexes describé in SectionIV-D in order
to confirm the effectivenessof a tonic labyrinthine reflex
anda sidewvay steppingreflex (Fig.5-(b)) underlong-lasting
disturbances.As a resultof the experiment, the body roll
angleandthe hip yaw anglev of theright hindeg andleft
hindleg are shawvn in Fig.8. Tekken2 had walked on the

3+ re-stepping CPG output phase
oL responsa\ of the right fore leg
éi ‘ /\ /\ ﬁ flexor
\_/ \/ U/ \ ¢ extensor
0.14[s]y
PRI
-0 PN ST i
,,,7“\‘[,1' ,,,,,,, ’\i”% 777777 .\’r‘,,,,nfjl‘f\,,,,,,,,‘/,)\ 77777 uﬂl””ﬁswmg
! ~- / — ] v 7 v
Femmrs o T e e S 12 R S l\};;;w stance
contact sensor output _ __
of the right fore leg
55 6.0 6.5 7.0 7.5
time [s]

Fig. 7. Walking down astepof 7 [cm] in height A re-stgpingresponse
wasactivated whenthe contact of theright fore leg hadnot beendetected
for 0.14[s] afterthe activity of the flexor neuronbecamezero.

right-inclined slopefor 2 [sec], and walked on flat terrain
afterwards.

In Fig.8, we can see that the body roll ande was
positive (0.05~0.14 [rad]) while walking on the right-
inclinedslope.Thehip yaw joint of theright hindleg moved
to the outside of the body (right) by appra. 0.04 [rad]
dueto the sidevay steppimy reflex in the swing phase and
moved to the inside of the body by appox. -0.04 [rad]
dueto the gravity load in the stancephase.On the other
hand the hip yaw joint of the left hindleg moved to the
inside of the body (right) by appr. -0.04 [rad] dueto the
sidewvay steppingreflex in the swing phaseand moved to
the inside of the body furthemore by appiox. -0.1 [rad]
dueto the gravity load in the stancephase.Conseqently,
Tekker? succeedd in straight walking on the sidevay
inclined slope.

C. Outdoor Experiments

Evenonapavedroadin outdaor environment, thereexist
a slope of 3 [deg] at most, bumpsof 1 [cm] in height
and small pebbes everywhere. With all respamses and
reflexes describedin SectionlV-D, Tekken2 successfully
maintaine a stable gait on the paved road for 60 [sec]
with appro. 0.5 [m/s] speedwhile charging its walking
speedand direction by receving the operation commands
from the radio contmoller (Fig.9-(a)).

In addition the effectiveness of the reliable landing
contrd on the soft ground wasconfirmedby the successful
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Fig. 8. Walking on a right-inclined slopeof 4 [deg]

@)

Fig. 9. Photosof walking in outdoorenvironment

(b)

experimentof walking on the natual ground with scattered
pebbes and grassegFig.9-(b)).

VI. CONCLUSION

In the neurl systemmodel propcsedin this study the
relationslips among CPGs, sensoryinput, reflexes and
the mechaical systemare simply defined and motion
geneation and adaptatio are emegingly induced by the
couged dynamics of a neural systemand a mechanich
systemby interactingwith the ervironment. To generate
appr@riate adaptatio, it is necessaryto designboth the
neura systemandthe mechaical systemcarefully In this
study we designedhe neuralsystemconsistingof CPGs,
resposes, and reflexes referiing to biological conceps
while taking the necessargonditions for adaptve walking
into accour.

We newly employed a tonic labyrinthine reflex, a side-
way steppingreflex, a re-stepng reflex/responseandthe
reliable landing contrd of the swinging legs to make the
self-cortainedquadupedroba (Tekken2)walk in outdaor
naturd ervironmen. In orde to increasethe degrees of
terrain irregularity which Tekken2 can cope with, we
shouldemploy additioral reflexes and respomses,andalso
navigation ability at the high level usingvision.
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