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Abstract

We are trying to induce a quadruped robot to

walk dynamically on irregular terrain by using a neu-

ral system model. In our previous study, we inte-

grated sever al re
exes into a CPG (Central Pattern

Generator) and realize dadaptive 2D walking on ter-

rain of medium degree of irregularity. In this pa-

per, in order to make the role of a CPG be clear,

we investigate the relation betwe enparameters of a

CPG and the mechanical system by simulations and

experiments. In addition, we show a newly devel-

op ed quadruped robot, of which mechanism is designed

to make adaptive 3D walking on irregular terrain be

realize d more simply. A t this moment, 3D walk-

ing on 
at terrain is realize d by using a neural sys-

tem model consisting of CPG and re
exes. MPEG

footage of those simulations and exp eriments can be

seen at: http://www.kimura.is.ue c.ac.jp.

1 Introduction

Many previous studies of legged robots ha vebeen

performed including studies on running and dynamic

w alkingon irregular terrain. However, autonomous

dynamic adaptation in order to cope with an in�nite

variety of terrain irregularity still remains unsolved.

On the other hand, animals show marvelous abil-

ities in autonomous adaptation. It is w ell known

that the motions of animals are controlled by internal

neural systems. Much previous researc h attempted

to generate autonomously adaptable dynamic walk-

ing using a neural system model in simulation and

real robots. In our previous studies[1] b y the use of

a 2D quadruped robot:'Patrush-I', we proposed a new

method for combining CPGs and re
exes based on

biological knowledge, and show edthat re
exes via a

CPG was much e�ective in adaptive dynamic walking

on terrain of medium degree of irregularity through

experiments. However, parameters of a neural system

in experiments were determined after repeated try and

error and meaning of parameters of CPGs regarding

to the mechanical system w asnot clear. In this pa-

per, w esho wresults of simulations and experiments

in order to investigate such relation between parame-

ters of CPGs and the mechanical system by the use of

a new quadruped robot:'Patrush-II', which has same

con�guration with Patrush-I and can change length of

its legs.

Since another issue unsolved in our previous studies

w as 3D dynamic walking using a neural system model,

w econstructed a new 3D quadruped robot:'Tekk en',

which w asdesigned to improve the success ratio of

dynamic walking on terrain of higher degree of irreg-

ularit y. In this paper, w esho wthe basic concept of

the design and results of experiments of 3D dynamic

w alking on 
at terrain.

2 Analysis of 2D Dynamic Walking

Using CPG

2.1 Quadruped robot 'Patrush-II'

F or simulations and experiments of walking us-

ing neural system model, w e made a quadruped

robot: P atrush-II. Each leg of the robot has three

join ts, namely the hip, knee, and ankle joint, that

rotate aroundthe pitc h axis. The ankle joint is pas-

sive. The gear ratio at hip and knee join ts is rela-

tively small: 40 to keep passive mechanical compliance

high for adaptive walking and to make viscosity at hip

and knee joints small for easy modeling for simulation.

The robot is 28�41 cm in length, 22 cm in width and

3.0 kg in weigh t.The leg is 20�30 cm in length. The

body motion of these robots is constrained on the pitch

plane by tw o poles since robots have no joint around

the roll axis.
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2.2 Neural oscillator as a model of CPG

By investigation of the motion generation mecha-

nism of a spinal cat, it w as found thatCPGs are lo-

cated in the spinal cord, and that walking motions are

autonomously generated by the neural systems below

the brain stem. As a model of a CPG, we used a neu-

ral oscillator: N.O. proposed by Matsuoka and applied

to the biped by Taga. Single N.O. consists of two mu-

tually inhibiting neurons. Each neuron in this model

is represented by the nonlinear di�erential equations:

� _ufe;fgi = �ufe;fgi + wfeyff;egi � �vfe;fgi + u0i

+Feedfe;fgi +

nX

j=1

wijyj (1)

yfe;fgi = max (ufe;fgi; 0)

�
0 _vfe;fgi = �vfe;fgi + yfe;fgi

where su�x e, f , and i mean an extensor neuron, a


exor neuron, and the ith N.O., respectively. ufe;fgi is

uei or ufi, that is, the inner state of an extensor neuron

or a 
exor neuron of the ith N.O.; vfe;fgi is a variable

representing the degree of the self-inhibition e�ect of

the neuron; yfe;fgi is the output of the neuron; u0 is

an external input with a constant rate; Feedfe;fgi is

a feedback signal from the robot, that is, a joint an-

gle, angular velocity and so on; and � is a constant

representing the degree of the self-inhibition in
uence

on the inner state. The quantities � and �
0 are time

constants of ufe;fgi and vfe;fgi; wfe is a connecting

w eight betw een 
exorand extensorneurons; wij is a

connecting weight betw een neurons of theith and jth

N.O.. When we consider a N.O., we eliminate the suf-

�x i. As a result, a N.O. outputs torque proportional

to the inner state ue; uf to a DC motor of a joint:

N Tr = �peue + pfuf (2)

The positive or negative value of N Tr corresponds to

activit y of 
exor or extensor muscle, respectively.

A stretch re
ex in animals acts as feedback loop.

We use the follo wing join t angle feedback to a

CPG: eq.(3) as a stretch re
ex in all experiments of

this study.

Feede�tsr = ktsr�; Feedf �tsr = �ktsr� (3)

By connecting a CPG of a hip join t of eac h leg,

CPGs are mutually entrained and oscillate in the same

period and with a �xed phase di�erence. This mutual

entrainment between CPGs of legs results in a gait.

We used a trot gait, where the diagonal legs are paired

and move together, and tw o legs supporting phase are

repeated.

supporting phase
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-0.2

-0.4

0 0.5 1.0 1.5 2.0

torque
 [Nm]

time [s]

PDW CPG walking

Fig.1 Comparison of CPG torque and additional grav-

ity torque in PDW. Walking speed is 0.5 m/s in both

PDW and CPG walking.

2.3 Entrainment between CPG and Me-
chanical System

By the experiment using only CPGs and a stretch

re
ex, where Feede=Feede�tsr, Feedf=Feedf �tsr, we

con�rmed that Patrush-I can walk stably on 
at ter-

rain with approximately 25 cm in stride, 0.8 s in walk-

ing period and 0.6 m/s in speed. . In that experiment,

dynamic stable w alking was realized by constructing

a stable limit cycle through mutual entrainment be-

tw een CPGs and the mechanical system. On the

other hand, conventional control methods of dynamic

w alking of a biped and a quadruped can be classi�ed

into a \ZMP-based method" and an \limit-cycle based

method." In limit-cycle based con trol, constructing

a stable limit cycle on the phase plane utilizing ex-

change of supporting legs means stabilization of walk-

ing and hopping. Therefore, limit-cycle based control

has muc h similarity with the generation and control

of w alkingby CPGs. The typical limit-cycle based

w alking is the passive dynamic walking: PDW where

a walking machine with no actuator can walk down a

slope dynamically.

The result of comparison of additional gravity

torque[2] in PDW simulation with output torque in

CPG w alking simulation by using the ph ysical val-

ues of Patrush-II is shown in Fig.1. In Fig.1, we can

see that CPG output torque in a supporting phase

is comparable with additional gravity torque in PDW

and CPG output torque in a swinging phase is much

larger than additional gravity torque in PDW since a

swinging leg is accelerated and decelerated for phase

switc hing in CPG walking as described in Section 2.5..

In order to make the role of a CPG be clear, w e

2313



investigate the relation betw een parameters of a CPG

and the mechanical system by simulations and exper-

iments using Patrush-II in the following subsections.

2.4 Coupling of dynamics of CPG and
mechanical system

The one of reasons why such simple CPG described

in Section 2.2. can generate dynamic stable walking

is that dynamics of the mechanical system is encoded

in to parameters of a CPG. Therefore, understanding

of relation betw een parameters of a CPG and the me-

chanical system is important in order to understand

roles of a CPG, reduce the time for parameter tun-

ing and help the design of a new w alkingmachine.

As previous studies on features of a CPG, Williamson

analyzed the stability of CPG-plant system by using

describing function and Miyak oshi proposed a method

for automatic tuning of frequency and amplitude pa-

rameters for entrainment with external input. We fo-

cus on investigating relation betw een parameters of a

CPG and the walking mechanism.

2.4.1 Important parameters of CPG

Properties of a CPG can be expressed by amplitude,

period and phase. In eq.(1)�(3), important parame-

ters of a CPG in relation with the mechanical system

are � , u0, pe, pf and ktsr. The amplitude of CPG

output is approximately proportional to u0 and CPG

output is translated in to torque at a hip join tby pe
and pf in eq.(2). We can determine the approx. value

of u0, pe and pf by comparing CPG output torque

with additional gravity torque in PDW in a support-

ing phase shown in Fig.1. Therefore, once proper val-

ues of u0, pe and pf is found insim ulation or exper-

iment, those values will be used as constant values

in other simulations or experiments. The period of a

CPG is mainly determined by � and �
0. It w as pointed

out that proper v alue of �=� 0 for stable oscillation is

0.1�0.5. In this section, we change the value of � with

constant value of �=� 0 and investigate how the walk-

ing period is changed. The phase di�erencebet w een

CPGs is kept constant through entrainment on CPG

net work. We discuss on the phase di�erence between

a CPG and the mechanical system in Section 2.5..

We mak e duty factor of walking be 0.5 for simplicity.

This means that the duration of a supporting phase

is equal to that of a swinging phase and the ampli-

tude of supporting motion is equal to that of swinging

motion.

2.4.2 CPG period and stability

The w alkingperiod is a very important factor since

it much in
uences stability, maximum speed anden-

ergy consumption of dynamic w alking. The walking

mechanism has its own natural walking period deter-

mined mainly by the length of its leg. In this section,

w e consider the relation betw een the natural walking

period of the mechanism, the free oscillating period of

a CPG: T o

cpg
determined by � and the walking period

obtained as a result of entrainment betw eena CPG

and the mechanical system.

θ
ϕ

(i) (ii)

t=0 t=Tsp

Fig.2 Simple one link models for a swinging phase:(i)

and a supporting phase:(ii).

Walking motion is constructed by swinging phase

and supporting phase. We use a single pendulum

as a model in swinging phase and a single in verted

pendulum as a model in supporting phase sho wn in

Fig.2 in order to analyze the coupling of dynamics of

a CPG and the mechanical system. It is well known

that the free motion period (natural period) of the

pendulum: T o

sw
is proportional to the square root of

its length. We determine � as T
o

cpg
is equal to T

o

sw
.

When we connect a CPG with the pendulum, output

torque of the CPG drives the pendulum and the CPG

receiv es the angle of the pendulum as feedback signal

expressed by eq.(3). As a result, the CPG and the pen-

dulum are mutually entrained and oscillate with the

same period, which becomes smaller than the original

period (Fig.3). This is because the feedback signal

Feedfe;fg�tsr gives the CPG an inhibitory e�ect and

makes the period of the CPG be smaller consequently.

In the case of w alking,CPGs are entrained with

reciprocating motion where a swinging phase and a

supporting phase alternate. The period of a CPG en-

trained with walking is the CPG walking period: Tw

cpg
,

half of which is equal to durations of a swinging phase

and a supporting phase. Half of Tw

cpg
obtained through

the simulation of walking on 
at terrain are shown in

Fig.3, where T
o

cpg
for eac h length of a leg is chosen

to be equal to T
o

sw
. For comparison, half of T o

sw
, the
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Fig.3 Half of the period of CPG walking: Tw

cpg
� 1=2,

half of the natural period of a swinging leg: T o

sw
�1=2,

the duration of the free motion of a supporting leg:Do

sp

and half of the period of PDW for various length of a

leg. ktsr is 8 rad�1.

duration of free motion of the inverted pendulum as a

model of a supporting leg: Do

sp
, and half of the period

of PDW are shown in Fig.3. Since Do

sp
depends on not

only the length of a leg but also the amplitude of the

motion, we used the amplitude of supporting motion

in CPG w alkingfor each length of a leg in order to

determine Do

sp
.

In Fig.3, we can see that Tw

cpg
is muc h smaller that

the original period as a result of entrainment with

w alkingmotion even though T
o

cpg
is equal to T

o

sw
in

both cases. When the w alking period is small,in
u-

ence of disturbance in a single supporting phase be-

comes small and stabilization utilizing phase exchange

becomes e�ective. Therefore, if w echoose the same

T
o

cpg
with T

o

sw
, the CPG is entrained with both swing-

ing and supporting motions and stable w alking with

the smaller period than the original period can be real-

ized as shown in Fig.3. This is one example of coupling

of dynamics of a CPG and the mechanical system.

On the other hand, half of Tw

cpg
for v ariousT o

cpg
and

the �xed length of a leg are shown in Fig.4. In Fig.4,

the stablew alking was realized while T
o

cpg
is close to

T
o

sw
. But the walking became unstable when the half

of T o

cpg
is smaller than 0.19 s or larger than 0.52 s,

since entrainment betw eena CPG and the mechan-

ical system w aslost. This is an example where the

coupling of dynamics was not established.

2.4.3 CPG period and energy consumption

As the second criterion, we consider the energy con-

sumption. In general, when swinging motion or sup-

porting motion is closer to free motion of the pen-

dulum or the inverted pendulum in eac h phase, the

motion is more e�ective. On the other hand, when

swinging or supporting motion is far from free motion,

additional acceleration and deceleration make the mo-

tion be less e�ective. As the energy consumption, we

use the Joule thermal loss at armatures of DC motors.

In Fig.4 where the energy consumption in walking

for various T o

cpg
is shown, we can see that T o

cpg
close to

T
o

sw
gives the minimum energy consumption. In order

to analyze the reason why such minimum energy con-

sumption exists, let us consider the relation of a CPG

with free motions in swinging phase and supporting

phase. Half of T o

sw
(the duration of free motion of a

swinging leg) and D
o

sp
(the duration of free motion of

a supporting leg) are also shown in Fig.4. The en-

ergy consumption becomes large as the sum of T o

sw

and D
o

sp
becomes di�erent from T

o

cpg
, since unneces-

sary acceleration and deceleration is required due to

the less entrainment of a CPG with swinging motion

and supporting motion.

We realized stable walking in Patrush-II with tw o

di�erent sizes: 0.2 m and 0.3 m in its leg length, by us-

ing the same parameters in simulation and con�rmed

the validity of the above results. The results of exper-

iment using Patrush-II of which leg length is 0.2 m are

sho wn in Fig.4.

2.5 Phases of CPG and mechanical sys-
tem

There is similarity betw een PDW and CPG w alk-

ing in the sense that dynamic walking is autonomously

generated on a link mechanism by external force (grav-

ity) or internal torque (CPG torque) as a result of

interaction with environment.

In Fig.1, additional gravity torque on a leg in PDW

is rev ersed at switching of supporting and swinging

phases. This shows that w alking is exactly passive.

On the other hand, switching of torque of exten-

sor/
exor muscles occurs before switching of support-

ing and swinging phases in CPG walking. This switch-

ing of torque of extensor/
exor muscles in the latter

period of supportingand swinging phases is actually

observed in animals' w alking. Through this compar-

ison, w ecan say that active walking using a CPG is

nothing but to switch supporting and swinging phases

activ ely by switching of extensor/
exor torque. This

is the reason why activ e walking using a CPG is muc h
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Fig.4 Half of the period of CPG walking: Tw

cpg
� 1=2,

half of the natural period of a swinging leg: T o

sw
�1=2,

the duration of the free motion of a supporting leg:Do

sp

and energy consumption in CPG w alkingfor half of

various free oscillating period of a CPG: T o

cpg
� 1=2.

The leg length is 0.2 m and ktsr is 8 rad�1. Solid

marks and blank marks mean results of simulations

and experiments, respectively.

more stable than PDW under errors of initial condi-

tions and disturbances.

2.6 Sensory adaptation of CPG

The CPG receives inhibitory input from joint angle

as a sensory feedback signal, shortens its own period

through entrainment with the mechanical system and

generates stable w alkingsuitable for the mechanical

system adaptively. The CPG receiv esexcitatory in-

put from re
exes as a sensory feedback signal, enables

the mechanical system to adapt to irregular terrain,

extends its own period in response to delay of motion

of the mechanical system and adjusts phase di�erence

between CPGs[1]. The coupling of dynamics of re-


exes via CPG and mechanical system has not yet

been analyzed. Such analysis is very important in or-

der to make what the neural system model control is

be clear.

2.7 Summary

In this section, w econsidered relation betw eena

CPG and the mechanical system. Matching T
o

cpg

with T
o

sw
can generate the following superior walk-

ing through en trainment between CPGs and swing-

ing/supporting motions.

(1) stable walking with smaller period than the orig-

inal period,

(2) e�cient walking in energy consumption with less

additional acceleration and deceleration.

3 Realization of 3D Dynamic Walking

Using CPG

3.1 Problems pointed out in 'Patrush-I'

When we consider walking as an exchange of sup-

porting legs, the stability of walking is nothing but the

reliability of the exchange of supporting legs. There-

fore, in the case of w alking onirregular terrain, it is

essen tial that:

(A) a leg not be prevented from moving forward in

the former period of the swinging phase,

(B) a leg be landed reliably on the ground in the

latter period of the swinging leg phase, and

(C) the angular velocity of the supporting legs

around the contact points at landing moments

be kept constant in spite of changes in the

height of the ground surface.

In our previous study using Patrush-I, we focused on

the control b y a neural system model rather than

mechanism in order to realize dynamic walking on ir-

regular terrain. F or (A), (B) and (C) to be satis�ed,

we have already employed a 
exor re
ex, an extensor

re
ex, and vestibulospinal and tendon re
exes, respec-

tively.

But following problems in mechanism were getting

clear while w e increased the lev el of irregularity on

terrain in experiments using Patrush-I. Regarding to

(A), since inertia moment of the lower limb of Patrush-

I was relativ ely large,the robot sometimes fell do wn

due to delay of swinging up motion caused by a 
exor

re
ex in stumbling on a large obstacle. Regarding to

(B), since a knee joint of Patrush-I is straightened at

the landing moment, large torque at a hip joint at the

beginning of a supporting phase induces slipping if the

leg is not landed forward enough.

3.2 Quadruped robot 'Tekken'

Draft of a newly developed quadruped robot is

shown in Fig.5. The w eights of the robot, a leg and
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a lower limb are 3.1 Kg, 0.5 Kg and 0.06 Kg, respec-

tively. The length and height of the robot are change-

able as shown in Fig.5. Each leg has four joints, those

are, a hip pitc h join t, a hip yaw joint, a knee joint,

and an ankle joint. Only the ankle joint is passive.

In order to solve problems described in Section 3.1.,

w edesigned Tekken according to the following con-

cepts:

(1) a ligh t weight low er limb,

(2) a passive ankle joint with lock and spring mech-

anisms,

(3) a bent knee joint at the standing position,

(4) a small gear ratio (15.6:hip pitch joint, 18.8:knee

join t) for backdriv abilit y and passive compliance

at a joint.

The ligh tw eigh tof lower limb makes inertia mo-

ments around the hip yaw axis and the knee pitch axis

be small and a leg be swung quickly if needed. The an-

kle joint is locked while the leg is in a supporting phase

and can be passively rotated in the direction shown in

Fig.5 if the toe contacts with an obstacle in a swing-

ing phase. This passive mechanism quickly preven ts a

swinging leg from stumbling on a small obstacle before

a 
exor re
ex being activated.

3.3 Experiments

Tekken successfully walk ed on 
at terrain without

additional supporting poles with the period: 0.33 s

and the speed: 0.7 m/s (Fig.6) and walked on simple

irregular terrain by using rolling motion feedback to

CPG[3]. We are trying to make Tekken dynamically

w alk onirregular terrain by using the similar neural

system model as used in P atrush-I[1]with rate-gyro

sensors and force sensors.

4 Conclusion

In the neural system model method, only relations

among CPGs, re
exes and the mechanical system are

simply de�ned, and motion generation and adapta-

tion is emergently induced by dynamics in neuro-

mechanical system and en vironment. Therefore, the

appropriate coupling of dynamics of the neural sys-

tem model and the mechanical system should be es-

tablished for emergence of desirable motion. The anal-

ysis of relation betw een parameters of a CPG and the

mechanical system in this study is the �rst step for

establishing such coupling of dynamics.
F or autonomous dynamic w alking on terrain of

higher irregularity, not only adaptive control but also

230 (230-300) 130 (130-180)

119.5

ankle pitch joint

knee pitch joint

hip pitch joint

hip yaw joint

pitch

yaw

roll

Fig.5 Draft of Tekken

Fig.6 Photo of dynamic walking of 'Tekken'

adaptive mechanism are important in order to cope
with the delay of sensor input and in order to increase
the robustness and reduce the complexity of control.
Concurrent design of mechanical system and control
system is essential for more adaptive dynamic walking.
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