Proceedings of the 2000 IEEE
International Conference on Robotics & Automation
San Francisco, CA e April 2000

Adaptive Dynamic Walking of the Quadruped on Irregular Terrain
- autonomous adaptation using neural system model -

Hiroshi Kimura and Yasuhiro Fukuoka

Grad. School of Information Systems, Univ. of Electro-Communications, Chofu, Tokyo 182-8585, JAPAN
{hiroshi, fukuoka}@kimura.is.uec.ac.jp

Abstract

We are trying to induce a quadruped robot to
walk dynamically on irregular terrain by using a neu-
ral system model. In this paper, we integrate several
reflezes such as stretch reflex, vestibulospinal reflez,
and extensor and flexor reflex into CPG (Central Pat-
tern Generator). The success in walking on terrain
of medium degree of irregularity with fired parame-
ters of CPG and reflexes shows that the biologically
inspired control proposed in this study has an ability
for autonomous adaptation to unknown irregular ter-
rain. MPEG footage of these experiments can be seen
at: http://www.kimura.is.uec.ac.jp.

1 Introduction

Many previous studies of legged robots have been
performed[1]. About dynamic walking on irregular
terrain, both biped and quadruped robots have been
studied. Most of these earlier studies employed precise
models of a robot and an environment, and involved
planning joint trajectories as well as controlling joint
motions on the basis of an analysis of the models. If we
know all about one particular irregular terrain before
an experiment, we can prepare control program for it.
However, when a legged robot moves quickly across
a variety of places, a method consisting of modeling,
planning, and control such as those mentioned above
is not effective and not adaptable. In order to cope
with an infinite variety of terrain irregularity, robots
need autonomous adaptation.

On the other hand, animals show marvelous abili-
ties in autonomous adaptation. It is well known that
the motions of animals are controlled by internal neu-
ral systems. As many biological studies of motion
control progressed, it has become generally accepted
that animals’ walking is mainly generated at the spinal
cord by a combination of a rhythm pattern generator
(Central Pattern Generator: CPG) and reflexes in re-
sponse to the peripheral stimulus[2, 3]. Much previ-
ous research attempted to generate autonomously and
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emergently adaptable walking using such a biologically
inspired control mechanism. It was shown by simula-
tion that stable and adaptive biped walking[4, 5] could
be realized by a global entrainment between a CPG
and a musculoskeletal system. But dynamic walking
of a real robot using CPG or neural controllers was
rarely realized in these earlier studies|6, 7, 8].

In our previous studies using a quadruped robot,
we realized dynamic walking on flat terrain in trot
and pace gaits using a CPG alone[6], and dynamic
walking on irregular terrain using a CPG and reflex
mechanisms[7]. However, the irregularity of terrain
in that study was very low. Therefore, in this study
we propose two types of models about combination of
CPG and reflexes, and show that reflexes via CPG is
much effective in adaptive dynamic walking on terrain
of medium degree of irregularity through experiments
using a quadruped robot. We also discuss about mean-
ings and advantages of the biologically inspired con-
trol method in comparison with the control method
based on dynamics. In the proposed method, there
does not exist adaptation based on trajectory plan-
ning commonly used in the conventional robotics and
adaptation to irregular terrain is autonomously gen-
erated as a result of interaction of the torque-based
system consisting of a rhythm pattern generator and
reflexes with environment.

2 Dynamic Walking Using CPG
2.1 Control mechanism in animals

Neural system for legged locomotion control in
animals(3] is shown in Fig.1. A joint is actuated by
the flexor and extensor muscles. Each muscle receives
a control signal from an o motor neuron at the spinal
cord. By investigation of the motion generation mech-
anism of a spinal cat, it was found that CPG is lo-
cated in the spinal cord, and that walking motions
are autonomously generated by the neural systems be-
low the brain stem[2]. Several mathematical models



cerebrum

vision and
association
stices

vison

Ivestibulospinal | vestibule
1

! reflex
vestibulur
sensation
0 purkinje
{ neurons

cerebellum

vestibular
nuclei

»@"

=0 \
e e @ somatic
= tor nemon sensation

4

 /extensor
S 4p

L muscle muscle

muscle
spindle

Golgi tendon
organ

e

skin

Fig.1 Simplified neural system for adaptive control of
legged locomotion in animals.

of CPG were also proposed, and it was pointed out
that a CPG has the capability to generate and mod-
ulate walking patterns{9], to be mutually entrained
with rhythmic joint motion[4], and to adapt walking
motion to the terrain[5]. In Fig.1, the outputs of the
CPG are transmitted to « motor neurons and alter-
nately induce torque in a joint in opposite directions
of contraction of the flexor and extensor muscles. The
CPG is activated by descending signals from the brain
stem.

A muscle spindle and Golgi tendon organ detect
stretched length and tension of the muscle, respec-
tively. When an extensor muscle is stretched, the o
motor neuron outputs a signal to contract the mus-
cle based on the signal from the muscle spindle. This
feedback loop is called “stretch reflex” and gives stiff-
ness to a muscle. The “flexor reflex” contracts a flexor
muscle based on signals from sensors in the skin. Both
stretch reflex and flexor reflex occur at the spinal cord.

The vestibule detects acceleration and angular ac-
celeration of head motion. Postural stability dur-
ing standing and walking is maintained by activating
muscles of legs based on vestibular sensation via the
vestibular nucleus and « motor neurons. This stabi-
lization is called “vestibulospinal reflex.”

2.2 Quadruped robot

In order to apply the above-described biologically
inspired control, we made a quadruped robot, Patrush.
Each leg of the robot has three joints, namely the hip,
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knee, and ankle joint, that rotate around the pitch
axis. A DC motor and a photo encoder are attached to
each hip and knee joint, and an ankle joint is passive.
The robot is 360 mm in length, 240 mm in width, 330
mm in height and 5.2 kg in weight. The body motion
of the robot is constrained on the pitch plane by two
poles since the robot has no joint around the roll axis.
For a reflex mechanism, 6 axes force/torque sensor is
attached to on a lower link beneath the knee joint. A
rate-gyro as an angular velocity sensor is mounted on
a body as vestibule. All control programs below are
written in C language and executed on RT-Linux.

In this study, we define the virtual extensor and
flexor muscles on a quadruped robot, and origin
and direction of joint angle and torque as shown in
Fig.2. In addition, we use such notation as L(left),
R(right), F(fore), H(hind), S(hip), x(joint angle), f.
and f,(force sensor value in x and z direction). For
example, LFS means the hip joint of the left foreleg,
and LFS.x and LF.fx mean the angle at this joint and
force sensor value at this leg.

Fig.2 (a) Virtual extensor and flexor muscle on a
quadruped robot. (b) Origin and direction of angles
and direction of torque.

2.3 Walking on flat terrain using CPG

As a model of CPG, we used a neural oscillator
(N.O.) proposed by Matsuoka[10] and applied to the
biped by Tagal4, 5]. The stability and parameters
tuning of a N.O. was analyzed using describing func-
tion method[11]. Single N.O. consists of two mutu-
ally inhibiting neurons (Fig.3-(a)). Each neuron in
this model is represented by the nonlinear differential
equations:

TUiefli = —Ule,fhi T Wrel{f,eti — BUfe,r}i + Uoi
+Feedie pyi + ) wisy; (1)
i=1
Y{e,;3i = max (0,uf 5}:)
T'Westi = ~Vief}i + Yies}i



where suffix e, f, and ¢ mean extensor muscle, flexor
muscle, and the ith neuron, respectively. u; is the
inner state of neuron; v; is a variable representing the
degree of the self-inhibition effect of the ith neuron;
y; is the output of the ith neuron; uy is an external
input with a constant rate; Feed; is a feedback signal
from the robot, that is, a joint angle, angular velocity
and so on; and f is a constant representing the degree
of the self-inhibition influence on the inner state. The
quantities 7 and 7' are time constants of u; and v;;
w;; is a connecting weight between the ith and jth
neurons. g is constant in the following experiments.
As a result, CPG outputs torque proportional to the
inner state u.,u; to a DC motor of a joint:

NITr = —peue + pruy (2)

The periods when extensor muscle (N.Tr < 0) or
flexor muscle (N_Tr > 0) is active correspond to a
supporting phase or a swinging phase at CPG level.
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Fig.3 Neural oscillator as a model of a CPG.

When we consider Feed; in Eq.(1), stretch reflex
acts as feedback loop as described in Section 2.1. The
neutral point of this feedback in upright position of
a robot is § = 0, where 8 = (joint angle) + 7/2 in
Fig.2-(b). It is known in biology that there are two
different types of stretch reflex. One is a short term
reflex called “phasic stretch reflex” and another is a
long term reflex called “tonic stretch reflex”. When we
assume that the tonic stretch reflex occurs on the loop
between CPG and muscles, the joint angle feedback to
CPG used in Taga’s simulation[4, 5] based on biolog-
ical knowledge[12] corresponds to tonic stretch reflex.
We also use such joint angle feedback to CPG:Eq.(3)
in all experiments of this study.

Feed,.1sr = kisrfl, Feedf.isr = —kisrf (3)

We also assume that the phasic stretch reflex occurs
on the loop between a motor neurons and muscles
locally, and use this reflex in Section 3.

By connecting N.Q. of a hip joint of each leg, the
N.O.’s are mutually entrained and oscillate in the same
period and with a fixed phase difference. This mutual
entrainment between the N.Q.’s of legs results in a
gait. We used a trot gait, where the diagonal legs are
paired and move together, and two legs supporting
phase are repeated{7].

In all experiments of this study, only hip joints are
controlled by CPG and knee joints are PD-feedback
controlled for simplicity. The desired angle of a knee
joint in a supporting phase is 4 degrees and that in
a swinging phase is calculated based on Eq.(4) using
CPG output torque N_Tr at a hip joint of the same
leg.

desired angle = 1.7N _T'r + 0.26 (4)

By the experiment using only joint angle feedback
to CPG, where Feed,=Feed,.1sr, Feedy=Feeds.;sr,
we confirmed that Patrush can walk stably on flat ter-
rain by CPG and tonic stretch reflex. Patrush walked
dynamically with approximately 25 [cm] stride, 0.8
[sec] p&iod and 0.6 [m/sec] speed in this experiment.

2.4 Walking on irregular terrain using
CPG

It is well known in biology that adjustment of CPG
and reflexes based on somatic sensation such as con-
tact with floor and tension of muscle of supporting
legs, and vestibular sensation are very important in
adaptive walking (2, 3, 13]. Although it is also well
known that activity of CPG is modified by sensory
feedback[13], the exact mechanism of such modifica-
tion in animals is not clear since the neural system of
animals is too complicated. Therefore, we consider the
following three types of models for adaptation based
on sensory information, discuss about which model
is better through results of experiments, and propose
physical mechanism of relation between CPG and re-
flexes in view of robotics.

{a) CPG involving tonic stretch reflex
(b) CPG and reflexes independent of CPG
(c) CPG and reflexes via CPG

The control model (a) was proposed by Taga[4, 5] and
used in our experiment described in Section 2.3 (Fig.4-
(a)). Sensory information used in this model is only
simple somatic sensation such as joint angle/angular
velocity for stretch reflex, and contact with floor for
switching feedback in supporting and swinging phases
of a leg. In model (b), we consider reflexes indepen-
dent of CPG, and sum of CPG torque and reflexes
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Fig.4 Relation between CPG and reflexes in Taga’s model:(a) and models proposed in this study:(b),(c)

torque is output to a motor (Fig.4-(b)). In model (c),
reflexes torque is output as part of CPG torque by
feedback of all sensory information to CPG (Fig.4-

(c))-

3 Reflexes Independent of CPG

Patrush failed in walking over an obstacle 3 cm
in height and walking up a slope of more than 7 de-
grees by using control model shown in Fig.4-(a) and
fell down backward because of lack of thrusting force
against gravity. Taga[5] pointed out the autonomous
adaptability of CPG in Fig.4-(a). But this result of
experiments showed the limitation of control model
shown in Fig.4-(a). Therefore, we employed other re-
flexes independent of CPG in addition to tonic stretch
reflex. In Fig.4-(b), CPG takes motion adjustment by
reflexes torque as disturbance and makes itself and
musculoskeletal system go back to stable state au-
tonomously by self stabilization ability of CPG after
disturbance disappears.

By using phasic stretch reflex, vestibulospinal reflex
and flexor reflex with CPG (Fig.1) based on Fig.4-(b),
we realized walking up and down a slope of 12 degrees,
and walking over an obstacle of 3cm in height|[7, 14,
15]. But following problems were pointed out:

(1) The delay of joint motion from the CPG phase
was caused by a lack of thrusting force in walking
up a slope, could not be canceled in spite of mu-
tual entrainment ability of CPG, resulted in slip-
ping and stamping with no progress, and made
walking far from smooth[15].

(2) Flexor reflex on a swinging leg resulted in exten-
sion of the swinging phase of the leg. But since
CPGs could not extend the supporting phase of
other supporting leg, it happened for both legs to
be in the swinging phase at the same time and
Patrush often fell down forward.

We showed that it was possible to solve such prob-
lems to some extent by changing CPG internal

parameters[15] and employing other reflex[7]. But
such adjustments increased number of parameters and
made control system complicated.

4 Reflexes via CPG

In this section, we consider reflexes via CPG in re-
sponse to vestibular sensation, tendon force and con-
tact with floor. Since these reflexes may be confused
with such usual reflexes as vestibulospinal reflex and
so on, we call reflexes via CPG as vestibulospinal “re-
sponse” and so on.

Diagram of actual control of a leg employed in this
section is shown in Fig.5.

CPG

extensor flexor

Fig.5 Diagram of actual control of a leg consisting of
CPG and reflexes via CPG.



4.1 Walking up and down a slope using
vestibulospinal response

Most of extensor muscles output force to keep pos-
ture as antigravity muscle. Since tonic stretch reflex
continues while a muscle is extended, it is appropriate
to adjust activity of antigravity muscles for posture
control by tonic stretch reflex utilizing the body angle
detected by vestibule. According to our assumption
described in Section 2.3, tonic stretch reflex is a feed-
back via CPG. Therefore, the reflex (vestibulospinal
response) for posture control based on vestibular sen-
sation is via CPG and expressed by:

0,s» = (joint angle) + 7/2 — (body angle)
(5)
Feed{e,f}-tar~vsr = ﬂ:ktsrovsr-

Since excitatory feedback signal to extensor neuron
of CPG in walking up a slope makes the period of a
supporting phase at CPG level become longer, phase
difference between CPG and joint motion becomes
small. In Fig.6, we can see that the vestibulospinal
response via CPG in walking up a slope made the pe-
riod of a supporting phase at CPG level (N.Tr < 0)
be longer in comparison with that in walking on flat
terrain. This means that autonomous adaptability of
CPG solved the problem (1) mentioned in Section 3.

As a result, Patrush succeeded in walking up and
down a slope of 12 degrees by using vestibulospinal
response much more stably and smoothly without in-
creasing number of parameters. On the other hand,
vestibulospinal reflex employed in Section 3 needed
an additional gain parameter adjusted through exper-
iments.

4.2 Walking up and down a slope using
tendon response

Stable and smooth walking up a slope was realized
in Section 4.1. But since vestibulospinal reflex tends
to keep static stability by adjusting the position of
center of gravity or ZMP (zero moment point), it was
slow walking with less thrusting force. Therefore, we
employ the tendon response for faster walking up a
slope.

Pearson[16] pointed out that extensor neuron of
CPG gets excitatory signal when the tendon organ
detects the load to the ankle joint muscle in a sup-
porting phase. We call this as tendon response, which
acts to complement thrusting force against reaction
force from floor in a supporting phase.

Patrush uses the load at the hip joint muscle, since
it has no ankle joint muscle. In addition, since it is
difficult to detect the load at the hip joint muscle using
the force sensor attached on a lower link beneath the
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knee joint, we use amount of decrease of § of a hip
joint in a supporting phase for the tendon response.
The tendon response via CPG on a supporting leg is
generated by the excitatory feedback signal: Feed, s,
to extensor neuron of CPG.

_ [ ke(6+1) (62-1)
Feede.r = { 0 (6 <-1) (6)
Feed, = Feede.tsr.vsr + Feede.irn (7)

Feedy Feedg.isr.vsr

By using sensory feedback to CPG expressed by
Eq.(7), Patrush succeeded in walking up and down a
slope of 12 degrees (Fig.6). In Fig.6, output torque
of the tendon response via CPG appears as bumps
on N_Tr while extensor neuron of CPG is active
(N Tr < 0)at 1.9 and 2.3[sec|, for example. Although
Patrush took 4[sec| to walk up a slope in the exper-
iment without the tendon response in Section 4.1, it
took only 2.2[sec] in Fig.6. This means that faster
walking up a slope was realized by using the tendon
response.
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Fig. 6 Walking up a slope of 12 degrees using
feedback:Eq.(7).

4.3 Avoiding falling down after stumbling
using extensor and flexor responses

It is known in biology that the response to stimulus
on the paw dorsum in walking of a cat depends on
which of extensor or flexor muscle is active:

[a] When extensor muscle is active, a leg is strongly
extended in order to avoid falling down.

[b] When flexor muscle is active, a leg is flexed in
order to escape from the stimulus.



We call [a] and [b] as extensor response and flexor
response respectively, and assume that phase signal
from CPG switches such responses[13].

For the extensor response, we employ the following
excitatory feedback signal: Feed,.., to extensor neuron
of CPG, when reaction force larger than threshold (f,
> 1.5[Kgf]) is detected by force sensor while extensor
muscle is active (N_Tr < 0).

(Bosr 2 0)

{ (Buer < 0)

Eq.(8) means that the tonic stretch reflex:Eq.(3)
is strengthened by using feedback signal to CPG:
Feed, = (kisr + kor)8ysr, when a leg stumbles while
the leg is in the forward position with respect to the
perpendicular line.

For the flexor response, we employ the following
instant excitatory feedback signal:Feed;.;, to flexor
neuron of CPG, when reaction force larger than
threshold (f, > 1.5[Kgf]) is detected by force sensor
while flexor muscle is active (N_Tr > 0).

(kgr/0.12)(0.12 — ¢)

kCTG’UST'

Feed, . 0

(8)

Feedf.f,. = (9)

where t O[sec] means the instance when a leg
stumbles, and Feedy.;, is active for ¢=0~0.2[sec].
Constant:ky, was experimentally determined so that
the peak of flexor response torque through CPG be-
came same (3[Nm]) with the flexor reflex torque used
in Section 3.

Finally, feedback signal to CPG to avoid falling
down after stumbling is expressed by:

Feed,
Feedy

Feede.tyr.vsr + Feede.yr + Feed,.cr
Feedf.t,r.,,” + Feedf.fr

(10)

The reason why Feed,.,, is included in Eq.(10) is that
the tendon response is necessary to avoid falling down
backward when a leg lands on a step or an obstacle
after its stumbling.

In Fig.9, the right hindleg stumbled on the slope
at 3[sec|, and the neuron torque of the right hind-
leg (RHS.N_Tr) was instantly increased by the flexor
response. This flexor response made the period of
the swinging phase of the right hindleg much longer
(2.4~3.1[sec]). Autonomous adaptability of CPG
made the period of the supporting phase of the left
hindleg be longer correspondingly in order to prevent
Patrush from falling down by solving the problem (2)
mentioned in Section 3.

4.4 Adaptation to terrain of medium de-
gree of irregularity

We tried to realize dynamic walking on terrain of
medium degree of irregularity, where a slope, an obsta-
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cle and undulations continue in series (Fig.7). By real-
ization of such adaptive walking using control method
expressed by Eq.(1), (10) with fixed value of all pa-
rameters, we can show that the control method pro-
posed in this section (Fig.5) has ability for adaptation
to unknown irregular terrain. In Fig.7, the distance
between irregular parts on terrain is shorter than the
distance with which Patrush proceeds in one period, so
that irregular parts on terrain always disturbs walking
before CPG network gets back to stable states from
the transitional states by the former disturbance.

(a)

Fig.7 Terrain of medium degree of irregularity

The photos of walking on such irregular terrain are
shown in Fig.8. The experimental results of walking
on irregular terrain (Fig.7-(a)) is shown in Fig.9. In
Fig.9, Patrush walked up a slope for 1~3.7[sec] with
the tendon response, and stumbling on the slope of the
right hindleg at 3[sec] caused the flexor response. In
addition, Patrush walked down a slope (3.7~4.9) and
walked over an obstacle by another flexor response at
5.5[sec|. We can see that RHS.N_Tr in the next sup-
porting phase after those flexor responses was also in-
creased autonomously by CPG and reflexes in order to
complement necessary torque after the flexor response.

Fig.8 Photos of walking up and down a slope:(a) and
walking on terrain undulations:(b).

5 Discussion
5.1 CPG and Reflexes

Reflexes independent of CPG had several problems
as described in Section 3. In the case of reflexes via
CPG, it was shown by experiments in Section 4 that
the period of phases of CPGs can be appropriately
adjusted autonomously by ability of CPG for entrain-
ment while reflexes via CPG output necessary torque
for instant adaptation based on sensory information.



walking up

walking over
a slope an obstacle

body angle

walking down
r a slope
e RHS.N_Tr RHS.x
—e= LHSN_Tf ——_. LHSX

la

body angle
e

-

B

4l...6

Fig.9 Walking up and down a slope of 12 degrees and
over an obstacle 3 cm in height using feedback:Eq.(10).

In addition, the following results obtained in experi-
ments using control system expressed by Eq.(1), (10):

o several reflexes via CPG coincide with each other
without improper conflicts,

o adaptive walking on terrain of medium degree of
irregularity was realized with fixed value of all
parameters,

e strengthening sensory feedback to CPG promotes
the autonomous adaptability of walking,

showed that the simple control method using neural
system model (Fig.4-(c), Fig.5) has ability for adap-
tation to unknown irregular terrain.

5.2 Single system vs. Dual system

Conventional robotics methods generate and con-
trol walking as a dual system, where a joint trajec-
tory is planned and a joint is controlled to move along
the trajectory. Such a dual system is a very effective
method for control of a manipulator in both human
and robot, since a final position of an end-effector can
be obtained in a vision coordinate prior to motion in
most cases. However, such a dual system makes opti-
mization, adaptation, and learning of motion difficult
since we must always consider two different matters,
planning and control, at the same time.

On the other hand, the exact position of a foot
landing on the ground is usually not given in dynamic
walking even though the step distance is often ad-
justed. Therefore, a single system, where outputs of
CPG and reflexes mean torque and there is no adapta-
tion based on trajectory planning can be used in order
to generate and control walking motion. Such sin-
gularity as a system can make optimization, adapta-
tion, and learning of motion simple, since we can con-
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sider adjustment of output torque directly for changes
of terrain and external force. For example, Taga[5]
pointed out that a single system can autonomously
generate adaptation as a result of interaction between
an internal neural system, a musculoskeletal system,
and environment without explicit models of a robot
and environment.

5.3 What is walking using CPG?

Conventional control methods of dynamic walking
of a biped and a quadruped can be classified into a
“ZMP-based method” and an “IPM- (inverted pen-
dulum model) based method.” In IPM-based control,
constructing a stable limit cycle on the phase plane
utilizing exchange of supporting legs means stabiliza-
tion of walking[17] and hopping[18, 19]. In such a
sense that the stable limit cycle means a stable os-
cillation, IPM-based control has much similarity with
the generation and control of walking by CPG. Such
similarity becomes more clear when we consider “pas-
sive dynamic walking”[20] where a walking machine
with no actuator can walk down a slope dynamically.

When we compare torque induced by gravity in pas-
sively walking down a slope and CPG output torque
in walking on flat terrain, there exists the similarity in
torque patterns in both supporting phase and swing-
ing phase[21]. If we notice that dynamic walking is au-
tonomously generated on a link mechanism by exter-
nal or internal force in both walking as a result of inter-
action of the single system with environment, this sim-
ilarity is clearly understandable. That is, the passive
mechanism itself has the ability for walking[22], and
that dynamic walking is induced on the passive mech-
anism by external force: gravity. In the case of a flat
floor or a up-slope, since external force does not exist,
internal force is necessary for walking. Feedforward
torque and CPG torque correspond with this inter-
nal force. This study showed that ability of CPG for
mutual entrainment, autonomous adjustment of the
period of phases of CPGs, and self-stabilization make
CPG much more useful as a lower controller than com-
bination of feedforward torque calculation and feed-
back control in the conventional robotics method[23].

We also realized adaptive walking up a step and
over an obstacle by using adjustment of external in-
put to CPG:ug based on vision (Fig.l) in another
study[14]. This means that we can construct well-
coordinated control system from motion generation
and adaptation at the lower spinal cord level to mo-
tion adjustment based on vision at the upper cere-
brum level by centering CPG in neural system model
for adaptive dynamic walking on irregular terrain.



6 Conclusion

By referring to the neural system of animals, we in-
tegrated several reflexes such as stretch reflex, vestibu-
lospinal reflex, and extensor and flexor reflex into
CPG. The success in walking on terrain of medium
degree of irregularity with fixed parameters of CPG
and reflexes showed that the biologically inspired con-
trol method proposed in this study has an ability for
autonomous adaptation to unknown irregular terrain.
It is also shown that principles of dynamic walking as
a physical phenomenon are identical in animals and
robots in spite of difference of actuators and sensors.

3D dynamic walking on 3D irregular terrain is one
of the next challenges this study aims for. Walking
realized in this study is as primitive as the first steps
of a horse, several hours after its birth, perhaps by a
genetically programmed mechanism. Learning at the
cerebellum for adaptation and learning at the basal
ganglia for adjustment based on vision are left un-
solved.
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Appendix

Table 1 Value of parameters used in this study.

T 0.05 Ps,Pe [Nm] | 0.075, 0.12

T 0.6 kesr [1/rad 8

8 1.5 ke, [1/rad] 5
Wee,W;; | -2, 1 || k¢, [sec/rad] 5.8

(7)) 20 kf,- 50
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