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D
espite m

any efforts in the developm
ent and control

 of tw
o-legged robots, nature's 

solution of biped w
alking is still unequaled. B

oth 
the m

echanical side and neural control 
surpass w

hat robotics research has com
e up w

ith. 
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A
 control concept for dynam

ical repeated cyclic jum
ping has been suggested. B

ased on 
the findings in biom

echanical and neural research, 
a hierarchical netw

ork of reflexes is 
designed. T

hose control units are derived e.g. from
 m

otion and m
uscle activity analysis, 

but can also be found by m
athem

atical optim
ization.

 F
irst tests w

ith the com
pliant joint 

controller are perform
ed on the real hardw

are.
F

uture w
ork w

ill focus on realizing the cyclic jum
p

 m
otion on the prototype leg. T

he 
intent of this is to adapted the control concept to

 the environm
ental conditions of a real 

robot. 

•
A

dm
ittedly rather cool m

echanics optim
ized for the 

task
•

H
eavily exploits natural dynam

ics
•

S
tores energy in elastic com

ponents
•

S
elf-stabilizing properties of elastic elem

ents
•

�
�

H
ierarchical control: B

rain 
 S

pinal C
ord 

M
otor N

eur
ons

•
D

istributed and spatially related subsystem
s reduce

 signal 
density and param

eters
•

W
orks despite relatively slow

 signal transfer and 
com

putation units

vs.

•
N

o exploitation of natural dynam
ics / elasticities

•
U

nnatural m
otions

•
H

igh energy costs and com
putational dem

ands
•

Low
 robustness and adaptability

•
N

eeds dynam
ic m

odel (can never be exhaustive)
•

O
nly m

orphological and kinem
atic im

itation

Joint
G

roups

R
ob

ot

Lo
com

otion
M

o
des

S
ense

of
B

alance

F
S

M
s

P
hases

S
kills

R
e
exes

M
otor

P
atterns

S
ensor

H
andling

stim
ulation,

m
o

dulation

Joint
C

ontrol
S

om
ato-

sensory
S

ystem
V

estibular
S

ystem
(IN

S
)

M
echanical

C
ontrol(E

lasticities,
Inerita,

...)

torque,
p

osi-
tion,

sti�ness

torques,
p

ositions,
forces

E
xploit passive system

 dynam
ics [1]

•
S

uitable m
echanics necessary (com

pliance, low
 frict

ion joints, m
asses, ...)

•
N

o pre-calculated joint trajectories
•

A
ctive feed-forw

ard control to shape system
 behavio

r, m
odulated by 

phase/com
m

ands
�

N
atural gait, energy efficient, reduced control eff

ort, still controllable

H
ierarchical structure sim

ilar to hum
an m

otion cont
rol

•
Tem

poral and spatial synchronization
•

P
hase-dependent stim

ulation and m
odulation

•
C

ontrol units are local and distributed
�

R
educed com

plexity, no elaborate robot/w
orld m

odel

M
otion em

erges from
 feedback +

 feed-forw
ard

•
R

eflexes add tight sensor/actor coupling, dependent
 on current phase

•
Feed-forw

ard by local torque im
pulses

•
Tem

poral synergies of cooperating joints
�

Fast responses to stim
uli, adaptability, robustness

E
m

bedded in behavior-based fram
ew

ork iB
2C

•
E

asy and transparent fusion of control units
•

C
om

m
on interfaces, m

ature developm
ent tools [5]

�
Im

plem
ent of features possible, no additional w

ork 
on arbitration

H
ow

 to find control units [6]
•

A
nalysis of m

uscle activities, 
kinem

atical and kinetic data
•

S
om

etim
es sem

antic interpretation 
possible

•
A

greed on reflexes involved in 
locom

otion and posture regulation
•

M
otor patterns reproduce certain 

m
uscle activities for feed-forw

ard 
control

•
D

esign guideline: prefer torque control
•

R
espect biological hierarchy w

hen 
em

bedding control units to netw
ork
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E
xperim

ental results 
•

D
rop height: 15 cm

•
w

eight
tor : 0

•
D

esired position constant
•

C
hanged 

w
eight

pos
�

�
: 0.25 

 0.5 
 0.7

Vertical slider and actuator
•

N
o need for active balancing

•
S

hrunk-on-disk m
otor (m

ax. 400W
)

•
Low

 gear ratio (32:1)
•

A
llow

s passive com
pliance 

S
ingle leg dem

onstrator
•

H
um

an-like (total length: 97.2 cm
)

•
Validation of control-concepts

•
P

erform
ing cyclic squat jum

ps:
­

H
ighly dynam

ic m
otion

­
Increased requirem

ents on m
echanical setup

•
A

ttached parallel springs to store energy and suppo
rt 

m
otors in push-off phase

D
ifferent foot setups

•
M

odular concept to change and test 
different foot setups:
­

R
ubber hem

isphere
­

M
echanical foot w

ith adjustable stiffness
­

C
om

m
ercial prosthesis foot (O

tto B
ock)

torque
=

w
eight

pos
2

�torque
speed

�
w

eight
to

r
2

�torque
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w
eight

pos �
w

eight
to

r

“S
pinal C

ord”
•

T
ranslates high level decisions

•
C

oordinating the reflexes  (state m
achine)

•
S

tim
ulation of reflexes in m

uscle group

“M
uscle G

roup”
•

T
ight sensor actor coupling

•
F

ull sensor inform
ation available

•
D

irect hardw
are interface

•
Favors torque over position control

•
A

ctivity correlated to w
eight of joint controller

E
m

bedded S
ystem

•
C

A
N

 interface
•

Joint controller im
plem

ented on D
S

P
•

P
hysically distributed 

•
Located in direct proxim

ity to sensors and actors

“B
rain”

•
H

igh level system
 coordination

•
Im

plem
ented in skills

•
E

ach skill is responsible for specific system
 state

•
S

ensor inform
ation very abstract and sparse

•
H

ierarchically structured: divided in three biologi
cally inspired layers [7]

•
Increasing abstraction level: no need to process fu

ll sensor data on higher levels
•

R
obust: pre-stim

ulated but not activated reflexes
•

Low
 latency: locality, closed coupling (reflex 

�
 actuator)

S
tim

ulation, A
ctivity and Target R

ating of 
undisturbed jum

ping cycle

Force w
ithout preflex

Force w
ith preflex

P
ushoff reflex (torque controller)

•
S

tim
ulated after squat position arrived

•
A

ccelerates leg until liftoff (m
ax. torque)

Im
pact preflex (torque controller)

•
S

tim
ulated after liftoff plus tim

e constant
•

R
aises the tibia. Like ball catching w

ith a 
tennis racket

•
T

im
ing is very im

portant, due to 
interaction w

ith Inflight reflex

S
quat reflex (position controller)

•
S

tim
ulated after Im

pact
•

A
djusts squat position

Touchdow
n reflex (torque controller)

•
S

tim
ulated after liftoff

•
D

ecelerates leg after touchdow
n 

Inflight reflex (position control)
•

S
tim

ulated after liftoff
•

T
ries to reach adequate landing position 

m
otor

position
controller

pos_des

speed
controller

torque
controller
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w
_pos

tor_des
w
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C
ascaded controller structure

•
Tw

o active controllers w
ith inputs 

(position and torque)
•

S
lave speed controller w

ith no input 
•

Im
plem

ented on D
S

P
 w

ith 1 m
s cycle tim

e 
•

W
eighted sum

 allow
s adjustm

ent of 
stiffness: 


