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What is legged locomotion?

Adaptive Dynamic Walking of
the Quadruped on Irregular Terrain

Stabilization of

autonomous adaptation ) S
P Non-linear Oscillation

using neural system model

i, | dynamicwalking hopping juggling

Decerebrated Cat ZMPBased vs. Inverteg g’sinddul Hm

Zero Moment Point

Stable Limit Cycleon
Phase Plane

Which is primitive?

Current Stausin

Static (or Dynamic) Walking
based on ZMP

. . . . iti trol of ZMP
 Legged Locomotion Studies in Robotics postion Smere

using CPG + Reflexes
. model no explicit model
* Neuro-Mechanics trajectory based torque based

No passive gtatic walking Passive dynamic walking

Acquired by learning Geneticaly programmed
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Studies on Neuro-Mechanics

Dynamic Coupling between
Neural Controller and Muscul oskel eton

e Simulation
e Manipulator
— Miyakoshi  [TITECH]
— Williamson  [MIT]
— Kotosaka
L egged Robot
— Lewis
— Kimura

Taga, Ekeberg, ljspeert,

juggling
crank, sawing, ..
[ERATO/JST] drumming

salamander type
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What'’ s the output of CPG?

* Torque
— Directly output to actuators
— Easily combined with reflexes

* Joint Angle/Velocities

— Inverse dynamicsis necessary to calcuate
output torque

Dual System vs. Single System

sensor information

traj.planning

X(): joint trajectory
u : joint torque

Why Matsuoka's Neural Oscillators?

Sensory Feedback to CPGs

* Peripheral sensory input:
— Somatic sensation (joint angle, torque, contact, ...
— Vestibular sensation

« Directive signal from upper level:
— Vision

Dynamic Walking on Irregular Terrain

precise model

Conventional Method—‘

trajectory planning

variety of irregularity
control ‘
‘ ;.

<= A utonomous Adaptation

Why Neural System Model?

® Animals show marvelous ability of
autonomous dynamic adaptation.

@ |n spite of difference in sensors and
actuators,

asa
physical phenomenon
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A Quadruped Robot

Length:36cm, Width:24cm
Height:33cm, Weight:4.8Kg k

Hip&Knee joint: active
DC motor:23W
Gear Ratio:40

Anklejoint: passive

Lower Control Mechanism in Animals
\\\

X
|

oW mus cle

—ppm Mus cle
spindle

— Golgi tendon
organ

Neural Oscillator As a Model of CPG

Wi
O Vo et
1 : Excitatory Connection
-1 : Inhibtory Connection
left fore leg
let hind leg
right fore leg

Sw,y, Matsuoke{87], Taga[gl] RH: right hind leg

Neural Oscillator

(a) Neural Oscillator ©) Network for Trot

Control Model
Proposed by Taga[91]

=4, CPG

tonic stretch
reflex

somatic sensation

muscle length
contact with floor

muscul oskel etd
system

CPG aone

Walking on flat terrain

Walking on simpleirregular terrain
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M odel New Control Model

- eed
CPG

) tonic stretch *
tonic stretch
reflex
reflex I phase
somatic sensation

somatic sensation ; ;

muscle length phasic stretch refl ex muscle length vestibulospinal reflex
contact wit h floor vestibulospinal reflex contact wit h floor tendon reflex

& obstacle extensor/flexor reflex

flexor reflex 4
torque
torque tendon force [o}

mu&ulOSkdaal vestibular sensation mUSCU|OSke|eta|
system

system

Control

CPG + Reflexes Independent of CPG Neural Oscillator
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Walking over an obstacle by using flexor reflex

CPG + Reflexes Independent of CPG Sensor Feedback to CPG

Byue = B = (s angle

vestibuolospinal reflex:

."-'r-|'| P

tendon reflex: s

extensor reflex:

flexor reflex:

flexor e

Walking up aslope by using vestibulospinal reflex
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Actual e quio

Control

extensor flexor

body

angl
force

e
mr.
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Walking on Irregular Terrain with Fixed Parameters

. 44cm 5cm
Z ! cmm

66cm

| 28cm | 30cm
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2cm 3cm 3cm

CPG + Reflexes via CPG
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CPG + Reflexes via CPG

——

o= slow
| motion

CPG + Reflexes viaCPG

CPG + Reflexes viaCPG

——




AMAM?2000 Kimura

Walking on terrain undulation
CPG torque flexor reflex

N_Tr [Nm]
= tendon reflex
f
AL AVA'LTAV

time[sec]

cerebrum

brain gem

Adjustment of pio
External Input to CPG
based on Vision

Visual Adaptation

By increasing external input to CPGs

Visual Adaptation

Visual Processing Walking over an obstacle

Walking over an obstacle

- ~ — CPGtomque: y
vision input —= externa input to CPG: U,

3~ adjustment of /}
¢ - landing point

Adjustment of CPG

* Period
Adjusted by reflexes

» Amplitude
Adjusted by an external input

. Ph

Adjusted autonomously
on a CPG network
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What is Dynamic Walking?
Mechanism itself has ability of dynamic walking.

Dynamic walking is generated by
external force : gravity internal force : CPG torque

Passive Dynamic Walking (PDW)  Neura System Model (NSM)

PDW vs. NSM

2
E?g:g\tzlmi‘?a CPG Torque —— Additional Torque —— Fz
by Gravity in PDW

Fz [N]

1 :
swinging supporting

2
time [sec]

Mechanical Design &
Coupling with a Neural System

e Small gear ratio & Large torque motor

— Backdrivability of ajoint for passive adaptation
— Quick motion

Dynamics of mechanical system is encoded
into parameters of neural system

— Relation between the leg length and
the frequency of CPG

Conclusion & Future Work

Autonomous adaptive dynamic walking on
terrain of medium degree of irregularity by
using

Effectiveness

Well coordinated system by centering CPG

3D dynamic walking on 3D irregular terrain




