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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 physical terms. 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
responses.A 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 sensoryfeedback to 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 thr ough the rolling motion feedback to
CPGs, and can generate adaptive walking. We report our
experimental resultsof dynamic walking on irr egular terrain
in outdoor envir onment using a self-contained quadruped
robot in order to verify the effectivenessof the designed
neuro-mechanicalsystem.MPEG footageof theseexperiments
can be seenat: http://www.kimura.is.uec.ac.jp.

I . INTRODUCTION

Many previous studies of legged robots have been
performed, including studieson running[1] and dynamic
walking [2], [3], [4], [5], [6] on irregular terrain.However,
all of thosestudiesassumedthatthestructure of terrainwas
known, eventhough theheightof thestepor theinclination
of the slopewasunknown.

On theotherhand, studiesof autonomousdynamicadap-
tation allowing a robot to walk over irregular terrain with
lessknowledge of it have beenstartedonly recentlyand
by only a few researchgroups. Oneexample is the recent
achievement of high-speedmobility of a hexapod over
irregular terrain, with appropriatemechanical compliance
of the legs[7], [8] basedon the biomechanicalconcept[9].
The purposeof this studyis to realizehigh-speedmobility
on irregular terrainusinga mammal-like quadrupedrobot,
the dynamic walking of which is lessstablethan that of
hexapod robots, by referring to the marvelous abilities of
animalsto autonomouslyadapt to their environment.

As many biologicalstudiesof motioncontrolprogressed,
it hasbecome generally acceptedthat animals’walking is
mainly generatedat the spinal cord by a combination of
a CPG (central patterngenerator) and reflexes receiving
adjustment signalsfrom a cerebrum, cerebellumandbrain
stem[10], [11]. A great deal of the previous research
on this attemptedto generate walking using a neural
systemmodel, including studieson dynamic walking in
simulation[12], [13], [14], [15], and real robots[16], [17],
[18], [19]. But autonomouslyadaptive dynamic walking on
irregular terrainwasrarely realizedin thoseearlierstudies
except for our studies[20], [21]. This paper reports on
our progressusing a self-contained (power autonomous)
quadrupedrobotcalled“Tekken2” which wasnewly devel-
oped for adaptive walking on irregular terrain in outdoor
environment.

I I . SELF-CONTAINED QUADRUPED: TEKKEN2

Each leg of Tekken2 has a hip pitch joint, a hip yaw
joint, a kneepitch joint, and an ankle pitch joint (Fig.1).
The direction in which Tekken2 walks canbe changedby
using the hip yaw joints. Two rate gyro sensorsand two
inclinometersaremountedon thebodyin orderto measure
the body pitch androll angles.

In order to obtain appropriate mutual entrainment be-
tween neural systemand mechanical system,mechanical
systemshouldbe well designedto have the gooddynamic
properties. In addition, performanceof dynamic walking
suchasadaptabilityon irregular terrain,energy efficiency,
maximum speedandsoon highly depends on themechan-
ical design.The designconceptsof Tekken2are:

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

(2) smallgearreduction ratio for high backdrivability
to increasepassive compliance of joints,

(3) small massof the lowest link of legs to decrease
impact force at collision,

(4) small contactingareaat toes to increaseadapt-
ability on irregular terrain,
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Fig. 1. Self-contained quadrupedrobot:Tekken2. Thelength of thebody
and a leg in standing are 30 [cm] and 20 [cm]. The weight including
batteriesis 4.3 [kg].

(5) passiveanklejoint mechanismto preventaswing-
ing leg from stumbleon an obstaclequickly.

I I I . NECESSARY CONDITIONS FOR STABLE DYNAMIC

WALKING

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

(a) the period of the walking cycle shouldbe shorter
enough thantheupperboundof it, in whichstable
dynamic walking canbe realized[22],

(b) theswinginglegsshouldbefree to move forward
during the first period of the swing phase,

(c) the swinging legs should land reliably on the
ground during the secondperiod of the swing
phase,

(d) theangular velocity of thesupporting legsrelative
to the ground should be kept constant during
their pitching motion or rolling motion around
the contact points at the moment of landing or
leaving,

(e) the phasedifferencebetweenrolling motion of
the body and pitching motion of legs should
be maintained regardlessof a disturbance from
irregular terrain,and

(f) the phasedifferencesbetweenthe legs shouldbe
maintainedregardless of delay in the pitching
motion of a leg receiving a disturbance from
irregular terrain.

We designtheneuralsystemfor thesenecessaryconditions
to be satisfiedin order to realizeadaptive walking.

IV. IMPLEMENTATION OF NEURAL SYSTEM FOR

ADAPTIVE WALKING

Thebasicneuralsystemmodelof Tekken2is samewith
the one of Tekken1. We definea “reflex” as joint torque
generationbasedonsensorinformationanda“response”as
CPGphasemodulation throughsensoryfeedback to aCPG.
Severalreflexesandresponsesareemployedin Tekken2 for
adaptive walking in outdoor environment.

A. RhythmicMotion by CPG

We constructthe neuralsystemcentering a neural oscil-
lator as a model of a CPG, since the exchange between
the swing and stancephasesin the short term and the
quick adjustment of thesephaseson irregular terrain are
essentialin thedynamic walking of a quadruped wherethe
unstabletwo-leggedstancephaseappears. Although actual
neurons asa CPGin higher animalshave not yet become
well known, featuresof a CPGhave beenactively studied
in biology, physiology, and so on. Several mathematical
modelswere also proposed,and it was pointed out that a
CPGhasthe capability to generateandmodulate walking
patternsandto bemutuallyentrained with a rhythmic joint
motion [10], [11]. As a modelof a CPG,we useda neural
oscillator proposedby Matsuoka[23], and appliedto the
bipedsimulationby Taga[12], [13]. A singleneural oscilla-
tor consistsof two mutually inhibiting neurons (Fig.2-(a)).
Eachneuron in this model is representedby the following
nonlineardifferentialequations:
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where the suffix & , @ , and A meanan extensor neuron, a
flexor neuron, and the A -th neural oscillator, respectively.� ���	� 
���
 is � �B
 or � 
�
 , that is, the inner stateof an extensor
neuron or a flexor neuron of the A -th neural oscillator;�����	� 
���
 is a variable representing the degree of the self-
inhibition effect of the neuron; � �B
 and � 
)
 are the output
of extensor andflexor neurons; � ! is anexternal input with
a constantrate; $'&�&�(����	� 
���
 is a feedback signal from the
robot, that is, a joint angle, angular velocity and so on;
and � is a constantrepresenting the degree of the self-
inhibition influence on the inner state.The quantities �
and � < are time constantsof � ���)� 
/��
 and �����	� 
���
 ; � 
�� is
a connectingweight betweenflexor andextensor neurons;� 
 , is a connecting weightbetweenneuronsof the A -th andC
-th neuraloscillator.
In Fig.2-(a), the output of a CPGis a phasesignal: � 
 .

� 
 �D� � �E
 � � 
�
 (2)

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

We usethe following hip joint anglefeedbackasa basic
sensoryinput to a CPGcalleda “tonic stretchresponse” in
all experimentsof this study. This negative feedback makes
a CPGbe entrained with a rhythmic hip joint motion.
$'&)&�( �GF HJIEK �DL HJIBK 59M#�NMO!/;E8P$'&�&)( 
�F HJIEK �Q�R$'&�&�( ��F HJIEK (3)
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where M is the measuredhip joint angle, MT! is the origin
of the hip joint anglein standingand L HJIEK is the feedback
gain. We eliminatethe suffix A whenwe consider a single
neural oscillator.
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Fig. 2. Neuraloscillatorasa modelof aCPG.Thesuffix UEVJW�XZYGVJ[>V7\>V^]
correspondsto LF, LH, RF, RH. L, R, F or H meansthe left, right, fore
or hind leg, respectively.

By connecting the CPG of eachleg (Fig.2-(b)), CPGs
are mutually entrained and oscillate in the sameperiod
andwith a fixedphasedifference.This mutual entrainment
betweenthe CPGsof the legs resultsin a gait. The gait is
a walking pattern,andcanbe definedby phasedifferences
betweenthe legs during their pitching motion.The typical
symmetricgaits are a trot and a pace.Diagonal legs and
lateral legs arepairedandmove together in a trot gait and
a pacegait, respectively. A walk gait is the transversalgait
betweenthe trot and pacegaits. We useda trot gait and
a walk gait. The autonomous gait transition in changing
walking speedwasdiscussedin our former study [21].

Although the size and weight of Tekken2 are different
from thoseof Tekken1, the valuesof the parametersof
CPGsused for Tekken2 were samewith thoseused for
Tekken1.

B. Virtual Spring-damperSystem

We employ the model of the musclestiffness,which is
generatedby thestretchreflex andvariableaccording to the
stance/swingphases,adjustedby the neural system.The
musclestiffnessis high in a stancephasefor supporting
a body against the gravity and low in a swing phasefor
compliance against the disturbance.All joints of Tekken2
are PD controlled to move to their desiredanglesin each
of threestates(A, B, C) in Fig.3 in orderto generateeach
motionsuchasswingingup (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:_Q`ba

:c whenthehip joint angleof the leg reachesthedesired
angleof the state(A)ad`be

:c when the CPG extensor neuron of the leg becomes
active (�*
gf : )eh`b_

:

c whentheCPGflexor neuron of theleg becomesactive
(��
ji : )
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Fig. 3. State transition in the virtual spring-damper system.The desired
joint angles in eachstateareshown by the broken lines.

TABLE I

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.
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are the hip pitch joint angle,the kneepitch joint
angleandthe hip yaw joint angle, respectively.k�m�n'o

: the hip joint anglemeasuredat the instance
whenthe statechanges from (C) to (A).k�z|{~}������

: variable to changethe walking speed.
body pitch angle: the measured pitching angleof

the body usedfor the vestibulospinalreflex.� meansthat the desired angleis calculated
on-line for the height from the toe to the hip
joint to be constant.

v [m/s]: the measured walking speedof Tekken2.

ThedesiredanglesandP-gainof eachjoint in eachstate
areshown in TableI, whereconstant valuesof the desired
joint anglesandconstant P-gains weredetermined through
experiments.SinceTekken2 hashigh backdrivability with
small gearratio in eachjoint, PD-controller canconstruct
the virtual spring-dampersystemwith relatively low stiff-
nesscoupled with the mechanical system.Suchcompliant
joints of legs can improve the passive adaptability on
irregular terrain.

C. CPGsand Pitching Motion of Legs

Thediagramof thepitchingmotion control consistingof
CPGsandthevirtual spring-damper systemis shown in the
middlepartof Fig.4.Joint torqueof all joints is determined
by the PD controller, corresponding to a stretchreflex at



an � motor neuron in animals.The desiredangleand P-
gain of eachjoint is switchedbasedon the phaseof the
CPGoutput: ��
 in Eq.(2) asdescribedin SectionIV-B. As a
resultof theswitchingof thevirtual spring-damper system
and the joint anglefeedback signal to the CPG in Eq.(4),
the CPG and the pitching motion of the leg are mutually
entrained.
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Fig. 4. Control diagram for Tekken2. PD-control at the hip yaw and
kneepitch joints areeliminatedin this figure.

The necessarycondition (f) can be satisfied by the
mutualentrainment betweenCPGsandthepitchingmotion
of legs, andthe mutualentrainmentamongCPGs[20].

D. Reflexesand Responses

Referring to biological knowledge, we employed the
severalreflexesandresponses(TableII, Fig.4) to satisfythe
necessaryconditions (b) � (e) describedin physicaltermsin
Section III in addition to the stretchreflex and response
describedin SectionIV-B and IV-A. In Table II, the tonic
labyrinthine reflex, the sideway steppingreflex andthe re-
steppingreflex/responsewerenewly employedonTekken2.
Other reflexes and responseshad alreadybeenemployed
on Tekken1 [21].

1) Tonic Labyrinthine Reflex: The tonic labyrinthine
reflex (TLRF) is employed as the adjustment of P-gain
of the knee joint of the supporting legs ( �y� in Table I)
according to Eq.(5).��y� �Q��5E�|&���;�L HJ��KT
�� (body roll angle)� �y� (5)

��5E�|&���;g� � 8 if �|&�� is a right leg;� � 8 otherwise

When an inclination of a body in roll plane (body roll
angle)is detected, the kneejoint P-gain of the downward-
inclined legs is increasedto extend thoselegs. In addition,
the knee joint P-gain of the upward-inclined legs is de-
creasedto flex thoselges. As a result, the inclination of
the body in roll planeis decreased.

2) Sideway Stepping Reflex to StabilizeRolling Motion:
It is known that the adjustment of the sideway touchdown
angle of a swinging leg is effective in stabilizing rolling
motion against disturbances[24]. We call this a “sideway
steppingreflex,” which helps to satisfy the condition (d)
during rolling motion. The sideway stepping reflex is
effective also in walking on a sideway inclined slope.

For examples,when Tekken2 walks on a right-inclined
slope (Fig.5), Tekken2 continues to walk while keeping
the phasedifferencesbetweenleft and right lges with the
helpof thetonic labyrinthine response.But Tekken2cannot
walk straightand shifts its walking direction to the right
due to the differenceof the gravity load betweenleft and
right legs. In addition, Tekken2 typically falls down to
the right for the perturbation from the left in the case
of Fig.5-(a), sincethe wide stability margin: ����� 1. is
small. The sideway stepping reflex helps to stabilize the
walking direction and to prevent the robot from falling
down while keeping��� � largeon suchsideway inclined
slope(Fig.5-(b)).

front view

WSM WSM

(a) (b)

body roll angle

right left

Fig. 5. Walking on a sideway inclined slope. (a):Without a sideway
stepping reflex, (b):With.

Since Tekken2 has no joint round the roll axis, the
sideway steppingreflex is implemented as changing the
desiredangleof the hip yaw joint from 0 (Table I) to �'�
according to Eq.(6).

� � �Q��59� &B�?;¡L IEHJ¢OK£� (body roll angle) (6)

3) Re-stepping Reflex and Responsefor Walking Down
a Step: When loss of ground contact is detectedin a
swing phasewhile walking over a ditch, a cat activatesre-
steppingto extendthe swing phaseandmake the leg land
on the forwarder position[25]. We call this “re-stepping
reflex/response,” which is effective for the necessarycon-
dition (c) and (d) to be satisfiedalso in walking down a
large step(Fig.6).

1the shortestdistancefrom the projected point of the center of gravity
to the edgesof the polygon constructed by the projected points of legs
independentof their stanceor swing phases[21]



TABLE II

REFLEXES AND RESPONSES EMPLOYED ON TEKKEN2

sensedvalue or event activatedon corresponding necessarycondition

flexor reflex collision with obstacle sw (b)
steppingreflex forward speed sw (d) for pitching

vestibulospinal reflex/response body pitch angle sp (d) for pitching
tonic labyrinthine reflex body roll angle sp (d) for rolling

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

re-stepping reflex/response lossof ground contact sw (d) for pitching
The sp andsw meanthe supporting leg andswinging leg, respectively.
The necessaryconditions aredescribed in SectionIII .

re-stepping

Fig. 6. Re-stepping reflex and response

E. ReliableLanding Control on the SoftGround

While walking on the soft ground, the rolling motion
is much disturbedsince it takes longer to establishthe
reliablelandingof theswinginglegs.In orderto obtainthe
reliable landing of the swinging legs as soonas possible,
Tekken2 outputs additional torque at knee joint towards
extending direction at the instancewhen the output phase
of a CPG changes from the flexor neuron active phaseto
the extensorneuron active phase.This control helps the
necessarycondition (c) be satisfied.

V. EXPERIMENTS

A. Walking Down a Large Step

Tekken2 successfullywalkeddown a largestepwith ap-
prox. 0.5 [m/s] speedusingthe re-stepping reflex/response
(Fig.7). Without the re-stepping reflex/response,Tekken2
typically fell down forward becausefore legs landedon
the backwarder positionexcessively andcould not depress
the increasedforward speed.

B. ExperimentsUnder Long-lasting Disturbances

We made Tekken2 walk on a right-inclined slope of
4 [deg] (0.07 [rad]) in indoor environment with all re-
sponsesand reflexes described in Section IV-D in order
to confirm the effectivenessof a tonic labyrinthine reflex
andasidewaysteppingreflex (Fig.5-(b)) underlong-lasting
disturbances.As a result of the experiment, the body roll
angleandthehip yaw angle� of theright hindleg andleft
hindleg are shown in Fig.8. Tekken2 had walked on the

6.0 6.5 7.0 7.55.5

CPG output phase
of the right fore leg

contact sensor output
of the right fore leg

flexor

extensor

time [s]

swing

stance

0

1

2

3

0.14[s]

re-stepping
response

Fig. 7. Walking down a stepof 7 [cm] in height. A re-steppingresponse
wasactivated whenthecontact of theright fore leg hadnot beendetected
for 0.14 [s] after the activity of the flexor neuronbecamezero.

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

In Fig.8, we can see that the body roll angle was
positive (0.05� 0.14 [rad]) while walking on the right-
inclinedslope.Thehip yaw joint of theright hindleg moved
to the outsideof the body (right) by approx. 0.04 [rad]
dueto the sideway stepping reflex in the swing phaseand
moved to the inside of the body by approx. -0.04 [rad]
due to the gravity load in the stancephase.On the other
hand, the hip yaw joint of the left hindleg moved to the
insideof the body (right) by approx. -0.04 [rad] dueto the
sideway steppingreflex in the swing phaseand moved to
the inside of the body furthermore by approx. -0.1 [rad]
due to the gravity load in the stancephase.Consequently,
Tekken2 succeeded in straight walking on the sideway
inclined slope.

C. Outdoor Experiments

Evenonapavedroadin outdoor environment,thereexist
a slope of 3 [deg] at most, bumps of 1 [cm] in height
and small pebbles everywhere. With all responses and
reflexes describedin Section IV-D, Tekken2 successfully
maintained a stablegait on the paved road for 60 [sec]
with approx. 0.5 [m/s] speedwhile changing its walking
speedanddirectionby receiving the operation commands
from the radio controller (Fig.9-(a)).

In addition, the effectiveness of the reliable landing
control on thesoft ground wasconfirmedby thesuccessful
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experimentof walking on thenatural ground with scattered
pebbles andgrasses(Fig.9-(b)).

VI . CONCLUSION

In the neural systemmodel proposedin this study, the
relationships among CPGs, sensory input, reflexes and
the mechanical system are simply defined, and motion
generation and adaptation are emergingly induced by the
coupled dynamics of a neural systemand a mechanical
systemby interactingwith the environment.To generate
appropriate adaptation, it is necessaryto designboth the
neural systemandthe mechanical systemcarefully. In this
study, we designedthe neuralsystemconsistingof CPGs,
responses, and reflexes referring to biological concepts
while taking thenecessaryconditions for adaptive walking
into account.

We newly employed a tonic labyrinthine reflex, a side-
way steppingreflex, a re-stepping reflex/response,andthe
reliable landing control of the swinging legs to make the
self-containedquadrupedrobot (Tekken2)walk in outdoor
natural environment. In order to increase the degreesof
terrain irregularity which Tekken2 can cope with, we
shouldemploy additional reflexesandresponses,andalso
navigation ability at the high level usingvision.
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