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Abstract

In this symposium, several functions of skeletal

systems (mechanisms), muscles (actuators) and ner-

vous systems (control) in adaptive motion will be dis-

cussed. In addition, relations and coupling between

them should become important issues for discussion.

In vertebrates, the nervous system as the control in-

stance allows to separate into low level (generation and

control at spinal cord), medium level (adaptation at

cerebellum), and high level (adaptation at cerebrum)

control. In invertebrates, on a �rst glance the under-

lying morphology is more integrated, making it di�-

cult to identify functional sub-units of control. Muscu-

loskeletal systems more than ever have to be analyzed

in view of dynamic properties of mechanisms. The

transfer of those molecular physiological and biome-

chanical concepts into applications on machine design

will be an important topic of the conference.

1 Motivation

It is our dream to understand principles of animals'

surprising abilities in adaptive motion and to transfer

such abilities on a robot. Up to now, mechanisms

for generation and control of stereotyped motions and

adaptive motions in well-known simple environment

were formulated to some extent and successfully ap-

plied to robots. However, principles of adaptation to

various environments have not yet been clari�ed, and

autonomous adaptation is left unsolved as seriously

di�cult problem in robotics.

Apparently, the adaptation ability shown by ani-

mals and needed by robots in a real world can not be

explained or realized by one single function in control

system and mechanism. That is, adaptation in motion

is induced at every level in a wide spectrum from cen-

tral neural system to musculoskeletal system. Thus,

we organized this symposium for scientists and engi-

neers concerned with adaptation on various levels to

be brought in contact, to discuss on principles on each

level and to investigate principles governing total sys-

tems. We believe that this symposium will stimulate

interests of both scientists and engineers.

2 Outlines

Starting with "high level sensory adaptation" (vi-

sion), we arranged the following sessions in an order

"decreasing level of neural control, increasing intelli-

gence of construction/morphology/mechanisms".

� Visual Adaptation Mechanisms of Systems in Lo-

comotion

� Neuro-Mechanics

� Design of Neural Controller

� Adaptive Locomotion

� Modeling and Analysis of Motion

� Adaptive Mechanics

� Behavior and Motion of Humans & Humanoids

� Technical Development of Mechanism and Con-

trol

� Super-Mechano Systems

The backgroud of papers in those sessions widely

broaden on biology, physiology, biomechanics, non-

linear system dynamics and robotics. It is usually

di�cult for people from di�erent disciplines to discuss

on particular issues. In order to ease this problem, we

invited �ve keynote speakers impressively studying on

each �eld. We expect from each keynote speaker to

give a comprehensive knowledge found in his �eld to

the audience before the start of the more specialized

technical sessions. We also asked the �rst speaker of

each session to explain current states of related re-

search �eld with additional 10 minutes of talk.

Although all presented studies are referring to prin-

ciples of animals' motion in some sense, each study

di�ers from others in the actual extent of reference.

Roughly speaking, two thirds of all contributions are



deeply inspired by principles discovered in animals'

motion. In the remaining studies, new ideas are

engineeringly proposed and not always constrained

by principles of animals' motion. The comparison

and competition between biologically inspired meth-

ods and engineeringly derived methods in view of abil-

ity and complexity in adaptation is important for the

future development of novel machines.

3 Key Issues in AMAM

In this section, several key issues in AMAM clari-

�ed through discussion between IPC members are enu-

merated. Terms contrasted in each subsection are not

always contrary to each other. But it is very inter-

esting that there are di�erent standing positions in

considering generation and adaptation of motion.

3.1 Animals vs. Machines

Animals and machines are quite di�erent in their

sensors, actuators, and controlling devices. We would

like to know what kind of principles in adaptive mo-

tion can be the same, similar or should be di�erent in

animals and machines.

3.2 Behavior vs. Motion

There were several interdisciplinary conferences

concerned with \Adaptive Behavior": SAB2000[1], for

example. In SAB and behavior based robotics, impor-

tance of \embodiness" and \dynamics" were empha-

sized. But these terms usually are used in the sense

that a system has sensors and actuators, or that a time

factor is considered, since they were proposed in ar-

ti�cial intelligence. The control system in most cases

is represented by a diagram consisting of boxes and

arrows or a state transition graph.

On the other hand, most of studies presented in

AMAM are concerned with \natural dynamics" ex-

pressed by dynamic equations. The control system or

mechanism for \Adaptive Motion" is described by us-

ing di�erential equations or transfer functions. There-

fore, dynamic properties of both control system and

musculoskeletal system are important, and adaptation

at all levels is required.

Of course, di�erences between behavior and motion

described above are not induced by their linguistic def-

inition, but just the temporary status at this moment.

3.3 Model Based vs. Biologically In-

spired

In conventional robotics, since exact models of a

robot and environment are necessary and the whole

motion of a robot in environment is described as an

algorithm based on models, autonomous adaptation

requires complicated programs.

On the other hand, such biologically inspired meth-

ods like connectionism or behavior based robotics em-

ploy a quite di�erent approach. In those methods,

motion is not described by using algorithms govern-

ing the whole system but by using relations between

elements, and adaptive motion is generated through

emergent interaction with the environment. Since re-

lations between elements in response to sensor input

are su�cient as a description, autonomous adaptation

can be derived by simple programs and complicated

dynamics of systems in biologically inspired methods.

But we have some di�culties in predicting what kind

of motion is generated in particular environment.

The comparison between the methods is illustrated

in Table 1.

Model Based Biologically

Inspired

model robot and not necessary

environment explicitly

description algorithm govern- relation be-

for motion ing whole system tween elements

prediction/ easy di�cult

reappearance

adaptation complicated emergence

program in dynamics

Table 1 Comparison between a model based method

and a biologically inspired method for adaptive motion

3.4 Control vs. Mechanics

In high speed motion like running, it is di�cult to

realize e�ective control in very short stance phase.

Therefore, the importance of the passive dynamic

properties of the musculo-skeleton is pointed out in

biology, and machine design in such view point is em-

phasized in robotics in these days. The passive dy-

namic properties yet identi�ed to be relevant in this

context are the con�guration of joints and links (ge-

ometry, morphology, topology) and spring and damp-

ing factors in muscles, tendons, soft tissues, joints or

exoskeletons (structural or material properties).



On the other hand, one of the reasons why mo-

tion generation and adaptation can be derived by us-

ing relatively simple neural systems is that part of

the dynamics of the musculoskeleton is encoded in

neural systems as parameters of CPG(Central Pat-

tern Generator) and reexes. Therefore, the coupling

between the dynamics of neural system and the pas-

sive dynamic properties of the musculoskeleton will

become increasingly important in biologically inspired

robotics.

Studies of \Super-Mechano Systems" also are aim-

ing at the new machine design method by combining

control theory and mechanical design.

3.5 Locomotion vs. Manipulation

Are locomotion and manipulation based on the

same principles, as far as mechanisms of motion gen-

eration and adaptation are concerned? IPC members

have no consensus about how to answer this ques-

tion. At least in robotics, locomotion and manip-

ulation have been developed independently to some

extent. For example, �ne motion in assembly tasks,

and motion planning and control in vision coordina-

tion are typical sensor based adaptations in manipula-

tion. Manipulation theories for such motion types are

established completely independently of locomotion.

But we have established su�cient locomotion theories

in neither sensor based nor sensorless dynamic adap-

tation yet. It seems that this is the reason why a lot

of people are interested in biologically inspired loco-

motion control.

We even would like to provoke any comments from

participants from di�erent �elds to this topics.

3.6 Visuomotor Adaptation in Locomo-

tion

Even if we accept that basic walking patterns to

some extent are generated by CPGs, it is not clear

enough how vision based adaptation is related to

CPGs. There are several hypotheses:

(1) directive signals based on vision are sent to CPG

and CPG itself adjusts motion of a leg,

(2) reexes based on vision adjust motions of a leg

independently of CPGs generating basic walking

patterns,

(3) only reexes generate walking patterns and adjust

motion of a leg without CPGs.

We are expecting active discussion in related sessions.

In addition, it is also very important to make

it clear how adaptation based on vision is acquired

through learning.

3.7 Being Genetically Programmed vs.

Learning vs. Development

It is well known that a horse can start walking

several hours after its birth perhaps mostly by a ge-

netically programmed mechanism with slight tuning

mechanism at spinal cord. However, as sensor infor-

mations for adaptation become sophisticated, learning

at the cerebellum for adaptation and learning at the

basal ganglia for adjustment based on vision becomes

more important. When we design control systems for

a robot, it will become important to make it clear what

kind of combinations of these mechanisms are totally

e�ective in view of costs of programming, experiments

and computation. In addition, during ontogenetic de-

velopment not only parameter tuning but also drastic

changes of structure are a very important matter of

adaptation.

4 Future

It is important how to combine contrasted issues in

Section.3 according to task level.

No matter what we discuss on, \Science vs. En-

gineering" or \Biology vs. Robotics" is not one of

the key issues in AMAM. When we solve unknown

complicated problems, it is desirable to proceed anal-

ysis and synthesis concurrently. It is well-known that

analysis by synthesis is a really good and important

methodology to understand principles. That means

the beginning of a new interdisciplinary research �eld

where science and engineering are merged.
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Neuronal mechanisms for the adaptive control of locomotion in the cat.
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1. Introduction
Locomotion is a highly complex activity

whose control is ensured by the coordinated action of
a number of diverse structures and nuclei at different
levels of the central nervous system. Indeed, an
animal in full flight, moving over a surface that is
irregular and full of obstacles, needs to call on the full
capacity of its nervous system in order to adjust its
movements to the terrain. In such a circumstance,
locomotion is much more than a simple rhythmical
activity that requires alternating activity in flexor and
extensor muscles of the limbs. Locomotion become a
challenge in which posture and equilibrium must be
maintained in the face of self-imposed perturbations
as the feet exert forces at angles anything but
perpendicular to the ground and limb trajectories
must be continually altered to assure that the limbs
clear obstacles and are placed appropriately on the
support surface. The aim of this brief chapter is to
give the reader an overview of some of the neural
structures that are involved in such behaviours and of
the manner in which they may exert their control.
Because of space limitations, the focus in this chapter
will be on the role of the motor cortex in the
adaptations required during voluntary modifications
of gait. However, for those who have little
background in the neuronal mechanisms used to
control animal locomotion, the chapter  will also
provide some general information on the role of both
spinal and supraspinal structures in the control of
locomotion.

2. The basic locomotor rhythm
It is quite clear from the experimental

evidence that most mammals(reviewed in: Armstrong
1986; Grillner and Wallen 1985; Rossignol 1996),
including non-human primates (Fedirchuk et al.
1998), and probably humans themselves (Calancie et
al. 1994; Dietz et al. 1995; Harkema et al. 1997),
possess neuronal circuits within the spinal cord that
are capable of generating the basic alternating rhythm
of locomotion. Evidence for this statement comes
from several sources but is best illustrated by the
remarkable capacity of adult cats with complete
transections of the thoracic spinal cord to execute
well coordinated locomotor movements with the
hindlimbs when placed on a treadmill (Barbeau and

Rossignol 1987; Bélanger et al. 1996; Eidelberg et al.
1980; Giuliani and Smith 1987; Lovely et al. 1990).
Such cats are not only capable of generating a
locomotor rhythm but also of adapting that rhythm to
changes in treadmill speed and, to a small extent, to
changes in the orientation of the treadmill either in
the pitch tilt (nose up and nose down) or the roll tilt
(ear down) conditions. In addition, if the hindlimb of
such spinal cats hits an obstruction the spinal cord
contains the requisite circuitry to ensure that the leg is
appropriately brought away from and then over the
obstruction in a manner very similar to that observed
in the intact cat.

While experiments in spinal cats show the
capacity of the lumbo-sacral cord to generate and,
within limits, to adapt locomotion, it must be realised
that in these animals there is abundant rhythmical
peripheral afferent feedback from the moving limbs
that can both entrain and modify the locomotor
rhythm (Rossignol 1996). The existence of a
locomotor rhythm in such animals, therefore, does
not of itself prove that the spinal cord contains the
intrinsic circuitry that is necessary for locomotion.
However, other experiments have shown
unequivocally that the spinal cord is, indeed, capable
of generating a pattern of rhythmical activity that
closely resembles that observed during locomotion in
the intact animal. This has been demonstrated very
clearly by recording locomotor activity  in animals in
which the spinal cord is completely transected and
rhythmical movement of the limbs is prevented by
applying a paralysing agent, such as curare, that
blocks the neuromuscular junction. In such animals, it
is possible to record the central locomotor command
signals from motor nerves, an electroneurographic
recording, instead of by recording electromyographic
(EMG) activity from the muscles as one normally
does in the intact animal. Such locomotion, in an
animal which is paralysed and, therefore, can not
walk, is normally referred to as fictive locomotion. In
such a preparation, after application of various
pharmacological agents, or non-specific electrical
stimulation, it is possible to record from the motor
nerves a rhythm that shows some of the complexity
of the normal locomotor pattern, thus demonstrating
the intrinsic capacity of the spinal cord to generate
the basic locomotor rhythm (Grillner and Zangger
1975, 1979; Pearson and Rossignol 1991). Details



concerning the organisation of this intrinsic spinal
central pattern generator, or CPG, can be found in the
chapter by Cohen.

The existence of such a CPG implies that
neither peripheral afferents nor supraspinal structures
are necessary for the generation of the basic
locomotor rhythm. However, both are essential for
the adaptation of that rhythm to the take into account
the vagaries of the terrain over which it walks. Indeed,
one should normally assume that, in the normal,
intact, animal, even the most basic locomotion over a
flat, even, surface is the result of the integrative
action of the spinal rhythm generating circuits and the
rhythmical inputs from peripheral afferents and
supraspinal structures.

3. Descending control of Locomotion
Descending regulatory signals from

supraspinal structures are essential for the full
expression of locomotion as has been shown by a
wide array of experiments carried out in a large
number of different laboratories (for general reviews,
see: Armstrong 1986, Rossignol, 1996, Orlovsky et al.
1999). This fact is best appreciated by a consideration
of the deficits that are seen following complete
transection of the spinal cord at the lower thoracic
level. As documented above, adult cats with such
complete transections have the remarkable ability to
recuperate locomotor activity of the hindlimbs, which
are capable of walking on a moving treadmill belt and
of adapting their movements to changes in speed and,
to a lesser extent, to changes in slope. However, these
cats, even after several months of training, show a
number of serious deficits that highlight the normal
contribution of input from supraspinal structures in
the control of locomotion. Among these deficits, the
most evident are: i) a loss of adequate weight support
and of lateral stability; ii) an inability to voluntarily
initiate locomotion; iii) a loss of interlimb
coordination between the fore- and hindlimbs; and iv)
an inability to make any anticipatory modifications of
the locomotor pattern. Separate experimental
evidence is available in each case to show that
descending signals from the brain are essential for (i,
ii, and iv) or contribute to (iii) these functions. In
addition, it is probable that loss of descending
information also contributes to some of the more
subtle deficits seen in these animals; for example, the
loss of intralimb coordination evident in cats with
both complete and incomplete transections of the
spinal cord. In sum then, while the spinal cord
produces a basic locomotor rhythm, supraspinal (and
peripheral) signals are essential to produce what has
been referred to as behaviourally relevant locomotion
(Grillner and Wallen 1985).

While a general review of the interactions
between the different supraspinal pathways and the
basic locomotor rhythm is beyond the scope of this
chapter, it is important to emphasize that, in most
cases, descending systems probably exert their effect
either via the CPG, or through interneuronal
pathways that are modulated by the output of the
CPG, rather than by a direct action on the
motoneurones controlling the muscles themselves.
Such a mode of action ensures that the descending
signals from the supraspinal structures are
appropriately integrated into the base rhythm
(McCrea 1996). Evidence for this assertion comes
primarily from experiments in which the effects of
stimulating different structures during locomotion
have been studied. In virtually every case that has
been examined, it has been found that the effects of
such stimuli are phase-dependent. That is, stimulation
in certain phases of the locomotor cycle is effective in
eliciting modifications of EMG activity, while
stimulation in other phases is ineffective. For
example, weak stimulation of the lateral vestibular
nucleus (LVN) during stance elicits brief responses in
extensor muscles and has no effects on flexor muscles
(Orlovsky 1972). The same stimulation applied to the
LVN during the swing phase is without effect.
Conversely, stimulation of the red nucleus is most
effective when applied during the swing phase when
it evokes facilitatory responses in most flexor
muscles (Orlovsky 1972; Rho et al. 1999); during
stance it is either without effect (Orlovsky 1972) or
produces a mixture of facilitatory and inhibitory
responses in extensor muscles (Rho et al. 1999).
Stimulation of the pontomedullary reticular formation
(PMRF) always produces complex effects, with
stimulation during stance producing a mixture of
facilitatory and inhibitory responses in extensor
muscles and stimulation during swing generally
producing facilitatory responses in flexor muscles
(Degtyarenko 1993; Drew and Rossignol 1984; Drew
1991; Orlovsky 1972).

While these effects might be explained
simply on the basis of the level of depolarization of
motoneurones, examination of the phase at which the
maximal response is obtained frequently shows it to
be different from the period of peak EMG amplitude,
suggesting mediation via phasically active
interneuronal pathways. Other experiments, in which
the intensity and the duration of the stimulus train has
been increased show that many supraspinal structures
are also capable of resetting the locomotor rhythm,
generally by prolonging either the swing or stance
phases of the locomotor cycle (Armstrong and Drew,
1985; Degtyarenko 1993; Drew and Rossignol 1984;
Leblond and Gossard 1997; Perreault et al. 1994; Rho
et al. 1999; Russell and Zajac 1979). Such a capacity



suggests that these supraspinal structures may act
through interneurones that form part of the CPG.
Resetting of the rhythm has been observed for all
structures in the fictively locomoting cat but is less
frequently observed, and less strong, in the intact cat.
This suggests that all descending pathways have
access to the CPG but that, in the intact cat, the
peripheral and cortical pathways have a stabilizing
influence that makes it difficult for signals from any
one pathway to disrupt the ongoing locomotor rhythm.
The exception is the corticospinal pathway which
seems to have privileged access to these pathways
allowing descending cortical commands to modify
the locomotor rhythm (Orlovsky 1972; Rho et al.
1999).

The sum result of this type of organisation is
that descending commands will normally produce
modifications of locomotor activity that are
superimposed onto the locomotor rhythm without
undue interruption of that rhythm. Only if the
strength of the descending signal is increased is it
possible to modify that rhythm, and only in response
to signals from the motor cortex does it seem possible,
in the intact animal, to produce a change in the
overall locomotor cycle.

4. Anticipatory control of locomotion
4.1 An Overview

Efficient locomotion over irregular terrain is
impossible without visual information. Experiments
have shown that under relatively undemanding
circumstances, human subjects do not need to fixate
objects or to continuously scan their immediate
environment but will rather normally make
intermittent visual samples of their environment
(Assaiante et al. 1989; Laurent 1991; Laurent and
Thomson1988; Patla 1989; Patla and Vickers 1997).
However, as the difficulty of the locomotor task
increases, so does the frequency of the samples that
are made so that under circumstances in which
subjects must accurately place their feet in each step,
visual information of the environment is, likewise,
made in each step (Hollands et al. 1995; Hollands and
Marple-Horvat 1996; Patla et al. 1996). These data
are reviewed in the chapter by Patla and will not be
discussed further here.

Once visual information about the
environment has been sampled, it must be
transformed into a pattern of muscular activity that is
appropriately scaled to produce the gait modification
required to avoid or to step around an obstacle, or to
place the foot accurately in a given location.
 This is a highly complex process of visuomotor
transformation that undoubtedly involves parallel
processing in several different areas of the brain,

including different areas of the cerebral cortex, the
cerebellum and the basal ganglia. However, the exact
mechanisms by which the various stages of this
transformation occur are poorly understood and have
been studied in any detail only in primates trained to
make reaching movements to a target. The growing
consensus from such work is that a major part of this
transformation occurs within the parietal cortex
where the signal is progressively transformed from
one in which the target is represented in spatial
coordinates to one in which it is expressed as an
internal representation of the kinematics and kinetics
of the movement that are needed to attain the target
(see, Caminiti et al. 1996; Johnson et al. 1996;
Kalaska 1996; Kalsaka and Crammond 1992; Kalaska
and Drew, 1993). Although there is presently no
direct evidence on the subject, one may assume that
similar processes of visuomotor transformation occur
during visually guided locomotion and that similar
cortical areas participate in this task. However, during
locomotion, there is the added complication that the
body is in motion and that the modifications of body
orientation and limb trajectory required to step
around or over an object have also to be planned on
the basis of the speed of progression. In such
circumstances the animal must also judge the distance
to the target, perhaps by using optic flow signals
providing information about the time to contact
(Gibson, 1968; Goodale et al. 1990; Lee 1976, 1980;
Patla and Vickers 1997) and incorporate them into the
locomotor pattern. Such a process may use a forward
model (Jordan and Rumelhart 1992; Wolpert et al.
1995) to incorporate this visual information into the
basic  walking rhythm (McFadyen et al. 1994).

Regardless of the exact neuronal
mechanisms that are used to plan the gait
modification that is to be made, the final step in this
process is a signal that encodes the movement that
has to be made. There is general agreement that for
both reaching movements and for anticipatory, or
visually-triggered, gait modifications the final signal
used to control the movement is to be found, in part,
in the neuronal discharge of neurones within the
motor cortex. The remainder of this section will
discuss the signal that is contained within these
cortical neurones and the manner by which it may
produce the changes in limb trajectory required to
step over an obstacle.

4.2 Role of the Motor Cortex
The importance of the motor cortex for the

adaptation of locomotion to the nature of the surface
on which one walks can be simply demonstrated by
surgically excising the motor cortex, by
pharmacologically inactivating it or by transecting the
major descending pathway from the motor cortex,



either in the pyramidal tract  or within the spinal cord
(reviewed in Drew et al. 1996). In all cases,
interruption of this pathway results in only transient
deficits in locomotion on a flat surface, but long-
lasting, and probably permanent, deficits in the ability
of cats to safely negotiate obstacles in their course
and to accurately place their paws in the required
location. Thus, one may assume that the signal
transmitted within the corticospinal tract is necessary
for the appropriate adjustments of  the locomotor gait
required in such circumstances.

The nature of this signal has been studied by
recording the activity of individual neurones within
the motor cortex during locomotor tasks that require
anticipatory modifications of gait. Such studies, in
tasks requiring cats to either accurately place their
paws on the rungs of a horizontal ladder (Amos et al.
1990; Armstrong and Marple-Horvat 1996), to step
over barriers in their path (Beloozerova and Sirota
1993), or to step over obstacles attached to a moving
treadmill belt (Drew 1998; Drew 1993; Drew et al.
1996; Widajewicz et al. 1984) have all shown that
neurones  in the motor cortex exhibit significant
modifications of their discharge activity that are
tightly linked to the movement that is to be made.

An example of such a modification is
illustrated in Fig.1 which shows the change in limb
trajectory (Fig. 1B) and the associated change in
EMG activity and neuronal activity when a cat steps
over an obstacle with a round cross-section that is
attached to a moving treadmill belt. The neurone
illustrated in this example was recorded from the
motor cortex, in the posterior bank of the cruciate
sulcus. It was identified as a neurone whose axon
(conduction velocity of 44m.s -1) descended at least as
far as the pyramidal tract; the neurone could,
therefore, be classified as a pyramidal tract neurone
(PTN). During the step over the obstacle, there was a
modification in the duration, amplitude and, in some
cases (e.g. EDC) of the temporal relationships of the
muscles that can be seen both in the single step
illustrated in Fig. 1C and in the average illustrated in
Fig 1D. Associated with the gait modification, there
was a large increase in both the duration and, more
particularly, the frequency of the discharge in the
recorded PTN (Unit). It is to be noted that there was
no change in the frequency of cell discharge in the
step preceding that over the obstacle, supporting the
general view that the motor cortex is involved in the
execution of the task and not in its planning (see
Kalaska and Drew 1993).

What is the descending signal from the
motor cortex controlling?  Is the motor cortex
producing a signal that is defining the path of the paw
over the obstacle, one that defines the changes in

angle of the different limb segments, or one that
provides more specific information concerning the
detailed modifications in muscle activity that are
required to produce this modification? The data
obtained in my own experiments lead me to suggest
that the motor cortex provides a detailed signal that
specifies the changes in muscle activation that are
required to produce the change in limb trajectory.
Details concerning the reasons for this suggestion can
be found within the original papers and  review
article (references above) but can be summarized
briefly in the following manner.

Examination of the changes in EMG activity
of muscles acting around different joints during
voluntary gait modifications shows that the smooth
change in limb trajectory that is observed during a
gait modification (Fig 1B) is, in fact, produced by a
complicated modification of the pattern of activity in
most muscles acting around the different joints of the
cat forelimb. Modifications range from simple
changes in the level or duration of the period of
activity through to more complicated changes in the
temporal relationships between muscles; in some
muscles there are changes in all three parameters. The
changes in muscle activation patterns are, as would
be expected, sequential so that changes in different
muscle groups occur at different times during the
modified swing phase of the gait modification. This
can be appreciated from inspection of Figs 1 C and D.
For example, the ClB shows a large increase in both
its amplitude and duration which occupies the entire
swing period while the Br shows primarily an
increase in its amplitude during the initial period of
flexion that would serve to lift the limb above the
obstacle. The TrM also shows a relatively brief
period of increased activity and this precedes the
modification of activity in Br as the shoulder must be
retracted to lift the paw from the support surface
before the limb is flexed. The EDC shows a more
complicated pattern of activity as, during control
locomotion, it has a single period of activity in each
step cycle and during the gait modification it is active
twice.

Examination of the modification of unit
activity that is seen during these gait modifications
showed a similar pattern. That is, different PTNs also
exhibited their major changes in activity at different
times during the swing phase of the modified gait
cycle. This is illustrated in Fig. 2 for two neurones
that increased their discharge activity at different
times during the gait cycle. Unit A showed an
increase early in the gait modification, coinciding
approximately, with the period of increased activity
in the TrM, needed to retract the shoulder. In contrast,
Unit B discharged realtively later in the gait cycle,
approximately in phase with the second period of



increased activity in the EDC which serves to prepare
the limb for landing after the obstacle has been
cleared. It is also interesting to note that in the Trail
condition, in which the limb contralateral to the
recording site is the second to pass over the obstacle,
both neurones  changed their relative phase of activity
with respect to the onset of the ClB, but maintained
their relationship to the periods of modified activity
in the TrM and the EDC, respectively. This suggests
that different PTNs are involved in regulating the
activity of a select group of muscles and that the
relationship between cell and muscle is maintained
even if the overall pattern of activity changes.

Overall, the data from the entire population
of neurones indicated that different PTNs are active at
different times during the gait modification, with
some discharging early in the swing phase, as in the
example in Fig 2A and others discharging slightly
later (not illustrated), as the limb is being lifted above
the obstacle. Still others, such as that illustrated in Fig.
2B, discharge at the end of the swing phase, as the
limb is being prepared for contact with the support
surface, while yet others, similar to the example
illustrated in Fig. 1, are active throughout the swing
phase. This suggests that the overall change in limb
trajectory is produced by the sequential activation of
populations of PTNS, with each population involved
in specifying the modulation of activity required in
small groups of muscles at different times during the
gait modification.

4.3 Interaction with the locomotor rhythm
How is the gait modification superimposed

upon the basic locomotor cycle? Fig 3. illustrates a
conceptual model that we have used previously to
discuss this issue. In brief, we follow Grillner (1982)
in suggesting that the CPG may be usefully thought
of a series of unit CPGs in which separate modules
are used to regulate the rhythmical activity around
different articulations. Although the basis for this idea
of unit pattern generators is based primarily on
theoretical considerations of the flexibilty required to
produce different movements, some experimental
evidence for the idea of modules comes from the
work of Stein in the turtle (reviewed in Stein and
Smith 1997).

The advantage of a modular organisation for
the control of voluntary gait modifications is that
descending systems may bias the activity in one or
more modules without, necessarily, changing the
activity in other modules. Such an ability is essential
when one considers the variety of limb trajectories
that are required to step over obstacles of different
shapes and sizes. For example, stepping over a very
wide obstacles requires a large protraction of the limb
and consequently a large increase in the duration of

the shoulder flexors. However, stepping over a very
narrow but high obstacle requires primarily a large
flexion of the elbow. Stepping over a cylindrical
obstacle (see Fig. 1) requires the coordinated action
of both the shoulder and the elbow muscles. The
modular organisation illustrated in Fig. 3 allows a
descending signal to differentially modulate the
activity of one of the modules by itself, or in
combination with any other, thus providing the
required flexibility. We suggest that the different
patterns of discharge in motor cortical neurones
provides the neuronal substrate by which the different
modules are modified.

The suggestion that the gait modifications
act through a modular CPG, although conceptual in
nature, is based upon experimental data. First, it must
be realized that all corticospinal projections in the cat
are directed at interneurones, i.e there are no
monosynaptic connections with motoneurones (Illert
et al. 1976). Second, the results from experiments in
which brief trains of stimuli have been applied to the
motor cortex show that the responses are organized in
a phase-dependent manner (see above), suggesting
that the effects are mediated through interneurones
that are either part of, or influenced by the CPG.
Third, as described above, longer trains of stimuli are
capable of resetting the locomotor rhythm, suggesting
that the corticospinal system has access to the CPG.
In addition, by acting through the interneuronal
networks involved in controlling cycle timing and
structure, the nervous system can take advantage of
the intrinsic spinal cord circuits to ensure that
changes in any one module are fully integrated into
changes in the other modules. The interconnections
between spinal modules and those between different
cortical neurones, together, would ensure that all
movements are smoothly integrated into the
locomotor pattern.

However, if such mechanisms might act to
ensure integration and coordination, what
mechanisms ensure specificity? It is well known, for
example, that individual corticospinal neurones do
not activate interneurones that will affect only one or
two muscles but, rather, are more likely to influence
the activity of a substantial number of synergists
(Fetz et al. 1976; Shinoda et al 1981). Probably, part
of the explanation comes from the relative synaptic
weight on different muscles. At least for the direct,
corticomotoneuronal, projections in primates, it is
known that the connections that a motor cortical
neurone makes with some motoneurones are stronger
than those with others (Fetz et al. 1976; Bennett et al
1996). Similar considerations probably hold for the
connections made through interneurones, i.e
connections thorough interneuronal pathways to some
muscle groups are likely to be stronger than those



through others. In the example illustrated in Fig. 3 we
suggest that different populations of neurones  active
when the limb is lifted above and over the obstacle
(referred to in our previous publications as Phase I)
would project to different modules of the CPG
allowing the differential modification of shoulder,
elbow and wrist muscles. Although neurones in each
population would project to several modules, each of
these populations would have stronger projections to
one module than to the others. Neurones active in
Phase II, during the time that the limb is prepared for
contact with the support surface, are suggested to
preferentially activate modules regulating the activity
of the distal muscles that are necessary to stabilize the
paw at this time.  Interestingly, a neural network
model (Prentice and Drew 1997), based on the motor
cortical data that was obtained in the experiments in
cats, has shown that specificity of action on different
muscle groups can indeed be maintained by the
spatio-temporal organization of the “corticospinal
connections”, even though the axons of individual
populations of neurones  branch widely onto “spinal
neurones ”.

5. Coordination of Posture and Movement
In addition to controlling the trajectory of

the limb as an animal steps over an obstacle, there is
also a requirement to ensure postural stability. As the
cat lifts it legs over the obstacle, it needs to modify its
posture to ensure stability and equilibrium as the
centre of gravity is shifted. Recordings of ground
reaction forces (GRFs) and of EMG activity from
extensor muscles in each of the four limbs of the cat
suggests that these postural responses consist of a
coordinated modification of activity in each of the
supporting limbs (Lavoie et al. 1995; McFadyen et al.
1999). Moreover, these modifications of postural
activity are dynamic and have to be incorporated into
the locomotor cycle.

Our recent experiments suggest that the
descending signal from the motor cortex that
specifies the voluntary gait modification that  is to be
made also specifies the magnitude and timing of the
postural responses that accompany it (Kably and
Drew 1998). We base this suggestion both on a
consideration of anatomical connections between the
cortex and the brainstem and  of the physiological
properties of certain classes of corticofugal neurones
in the motor cortex and in the pontomedullary
reticular formation during voluntary gait
modifications. The former structure, as we have
detailed in the preceding sections, is strongly
implicated in the control of voluntary movements.
The latter, is a brainstem structure that is implicated
in the regulation of flexor and extensor muscle

activity during locomotion and which is suggested to
be involved in the control of posture (see Mori 1987,
1989; Mori et al. 1992).

It is known that there is a strong projection
from the motor cortex to the PMRF, the
corticoreticular pathway (Canedo 1997; Canedo and
Lamas 1993; Jinnai 1984; Keizer and Kuypers 1984;
Matsuyama and Drew 1997; Newman et al. 1989;
Rho et al. 1997), that could be used to adjust the
motor output of the latter. Experiments in which the
terminal projections of motor cortical neurones have
been recorded show that many phasically active
motor cortical neurones  project both to the spinal
cord and to the PMRF. As such the signal transmitted
to the spinal cord is also transmitted to the PMRF,
where many corticoreticular neurones synapse onto
reticulospinal neurones. This collateral signal would
provide a copy of the descending signal that would
provide information concerning the scale and the
magnitude of the voluntary movement and which
could be used to modify the output of the
reticulospinal neurones (RSNs) to produce the
requisite changes in postural activity. That RSNs
could provide the neural bases of the complex
changes in posture that are observed in the supporting
limbs during a gait modification (Lavoie et al. 1995)
has received some support from our recent studies
showing that individual RSNs, including those
receiving input from the motor cortex, may show
multiple increases in discharge activity, with each
burst corresponding to the passage of a single limb
over the obstacle (Prentice and Drew 1995). We
suggest that this descending signal would provide
general information concerning the magnitude and
the timing of the required gait modification while the
specific nature of the postural changes would be
determined by the state of the excitability of the
central pattern generating circuits within the spinal
cord.

6. Conclusions
Although this review has been restricted to

several narrowly defined aspects of locomotor
adaptation, the major principals and concepts that can
be drawn from the experiments that I have described
hold for a much more diverse group of behaviours
than those treated here. Certainly, the existence of an
intrinsic CPG within the spinal cord simplifies the
control issue by removing the need for supraspinal
structures to generate locomotion and instead leaving
them free to regulate and modify a well defined
spinally generated pattern. In addition, the properties
of the CPG, at least as far as we understand them,
also simplify, to a great extent, the nature of the
descending signals that are required for that



modulation. In circumstances that require only
relatively simple changes in the level of EMG activity,
without changes in the rhythm or the pattern, simple
changes in the intensity of the descending commands
will lead to modifications of EMG amplitude that are
integrated into the locomotor cycle in a phase-
dependent manner. Only if the intensity of the
descending signal is increased will there be a
modification of cycle duration and the possibility of a
reset of the cycle. In other words, unless the
descending signal specifically specifies that a change
in pattern is required, the intrinsic stability of the
system (intrinsic rhythm generator, together with the
rhythmical peripheral and supraspinal afferent
signals) ensures that changes in signal are
incorporated into the step cycle and do not result in
instability.

On the other hand, the suggested modular
organisation of the spinal circuits provides for
sufficient flexibility that when there is a need to
modify limb trajectory, this can also be accomplished
by modifying the activity of the same interneuronal
groups implicated in determining the locomotor
rhythm and structure, rather than acting outside the
generator. In other words, I suggest that voluntary
modifications of gait are superimposed upon the basic
locomotor pattern rather than replacing it. In this case,
the signals from the motor cortex, and probably from
the red nucleus, specify the modifications in activity
that are required in different modules. The
interconnections between modules, necessary to
ensure the coordination of activity between different
joints, helps ensure that these changes are integrated
into the underlying rhythm so that the change in limb
trajectory is smoothly superimposed onto the normal
locomotor rhythm.

Taken overall, while the existence of a CPG
does not remove the necessity for specificity in the
descending signals that are used to control
locomotion, it does obviate the need for these signals
to specify all the details of the changes that have to be
made. If such principals have evolved in animals
which have had millions of years to determine the
best system to control locomotion, one may ask
whether similar principals might prove equally
fruitful in the control of machines!
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Figure 1: Example of the modification of discharge activity in a PTN during a voluntary gait
modification. A: tracing from a video image illustrating the orientation of the forelimb during a step over a
cylindrical obstacle attached to the treadmill belt. B: stick figure illustrating the change in trajectory during the
swing phase of this step: The leg has been reconstructed from the X and Y coordinates of light reflecting
points attached to the skin over identified bony landmarks (see Drew and Rossignol 1987 for details). C: raw
data showing activity of four selected flexor muscles (all contralateral to the recording site) acting around the
forelimb, together with the activity of a PTN (Unit). The figure shows 3 consecutive cycles with the step over
the obstacle being represented by the middle cycle. The vertical dotted lines indicate the time of onset of
activity in the ClB. The data is illustrated for the Lead condition, when the forelimb contralateral (co) to the
recording site is the first to pass over the obstacle. D: averaged activity of the same cell and muscles, including
the cycle illustrated in C:- again each cycle is synchronized on the activity of the ClB. The thinner line
indicates the activity of the muscles and cells when no obstacle was attached to the treadmill belt, the thicker
line indicates the activity when the cat steps over the obstacle. Abbreviations: Br, brachialis (flexor of the
elbow); ClB, cleidobrachialis (protractor of the shoulder and flexor of the elbow); EDC, extensor digitorum
communis (dorsiflexor of the wrist and digits); TrM, teres major (retractor of the shoulder).



Figure 2: Two examples of PTNs (A and B) that discharged at different times during the gait cycle. As
in Fig. 1, the thinner line indicates averaged neuronal and EMG activity during control locomotion and the
thicker line the averaged activity during the gait modification. The vertical dotted line indicates the moment of
onset of the ClB. Data are shown only for the period just preceding and during the modified step. Data are
shown for both the Lead and the Trail condition.



Figure 3: Conceptual model illustrating how the descending command for movement from the motor
cortex might act to modify gait by acting through the spinal CPG for locomotion. The spinal CPG is
represented as a series of modules, each of which would serve to specify the pattern of activity around a single
joint. Each of these modules is coupled, as indicated by the two-way horizontal arrows, and each recieves
input from a timing circuit (oscillator) which sets the locomotor rhythm. During the gait modification, a
descending signal from the motor cortex differentially modifies the activity  of these modules. It is suggested
that each population of PTNs, active at different times in the swing phase of the modulated cycle, would
influence the activity in a different series of modules. Some would preferentially activate more proximal
modules, others those more distally located.
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Abstract
Nonlinear dynamics of the neuro-musculo-skeletal system
and the environment play central roles for the generation
and the development of human bipedal locomotion and
other movements. This paper highlights a global
entrainment that produces adaptive walking, freezing and
freeing degrees of freedom during motor development, and
chaotic dynamics of spontaneous movements in early
infancy.

1. Introduction

The theory of nonlinear dynamics, which claims that
spatio-temporal patterns arise spontaneously from the
dynamic interaction between the components with
many degrees of freedom [1,2], is progressively
attracting more attention in the field of motor control.
The concept of self-organization in movement was
initially applied to describe motor actions such as
rhythmic arm movements [3]. On the other hand,
neurophysiological studies of animals have revealed
that the neural system contains the central pattern
generator (CPG), which generates spatio-temporal
patterns of activity for the control of rhythmic
movements through the interaction of coupled neural
oscillators [4]. Moreover, it has been reported that the
centrally generated rhythm in the CPG is entrained by
the rhythm of sensory signals at rates above and
below the intrinsic frequency of the rhythmic activity
[4]. This phenomenon is typical for a nonlinear
oscillator that is externally driven by a sinusoidal
signal.

Inspired by the theoretical and experimental
approaches to the motor control in terms of the self-
organization, we proposed that the human bipedal
locomotion emerges from a global entrainment
between the neural system that contains the CPG and
the musculo-skeletal system that interacts with a
changing environment [5]. A growing number of
simulation studies have focused on the dynamic
interaction of neural oscillators with mechanical
systems to understand the mechanisms of generation
of adaptive movements in insects [6], fish [7] and
quadruped animals [8]. In the field of robotics, an
increasing number of studies have implemented

neural oscillators to control movements of real robots
[9-11].

The concept of the self-organization argues
that movements are generated as a result of dynamic
interaction between the neural system, the musculo-
skeletal system and the environment. If this is the
case, the implicit assumption that the neural system is
a controller and that the body is a controlled system is
required to be changed. This paper reviews a series of
our models of the human bipedal locomotion which
show nonlinear properties of the neuro-musculo-
skeletal system. The aim of this paper is to provide a
framework for understanding the generation of the
bipedal locomotion [5, 12], the real-time flexibility in
an unpredictable environment [13], the anticipatory
adaptation of locomotion when confronted with a
visible object [14] and the acquisition of locomotion
during development [15]. Our recent study on the
analysis of spontaneous movements of young infants
also provides evidence that chaotic dynamics may
play an important role for the development of
varieties of movements [16].

2. Real-Time Adaptation of Locomotion
through Global Entrainment

2.1 A model of the neuro-musculo-skeletal
system for human locomotion

In principle, bipedal walking of humanoid robots can
be controlled if the specific trajectory of all of the
joints and of the zero moment point (ZMP) are
planned in advance and the feedback mechanisms are
incorporated [17]. However, it is obvious that this
method of control is not robust against unpredictable
changes in the environment.

Is it possible to generate bipedal locomotion
by using a neural model of the CPG in a self-
organized manner? Let us assume that an entire
system is composed of two dynamical systems; a
neural system that is responsible for generating
locomotion and a musculo-skeletal system that
generates forces and moves in an environment. The



neural system is described by differential equations
for coupled neural oscillators, which produce motor
signals to induce muscle torques and which receive
sensory signals indicating the current state of the
musculo-skeletal system and the environment. The
musculo-skeletal system is described by Newtonian
equations for multiple segments of the body and input
torque which is generated by the output of the neural
system. We proved that a global entrainment between
the neural system and the musculo-skeletal system is
responsible for generating a stable walking movement
by using computer simulation [5].

Here I will present a model of [12]. As shown
in Fig.1, the musculo-skeletal system consists of eight
segments in the saggital plane. The triangular foot
interacts with the ground at its heel and/or toe.
According to the output of the neural system, each of
twenty "muscles" generates torque at specific joints.
It is important to note that a number of studies have
demonstrated examples of walking robots which
exploit the natural dynamics of the body such as the
passive dynamic walkers [18] and the dynamic
running machines [19]. The oscillatory property of
the musculo-skeletal system is an important
determinant to establish the walking pattern.

The neural system was designed based on the
following assumptions:

(1) The neural rhythm generator (RG) is
composed of neural oscillators, each of which
controls the movement of a corresponding joint. As a
model neural oscillator, we adopt the half center
model, which is composed of two reciprocally
inhibiting neurons and which generates alternative
activities between the two neurons [20].

(2) All of the relevant information about the
body and the environment is taken into account. The
angles of the body segments in an earth-fixed frame
of reference and ground reaction forces are available
to the sensory system. Global information on the
position of the center of gravity (COG) with respect
to the position of the center of pressure (COP) is also
available. We assume that a gait is represented as a
cyclic sequence of what we call global states; the
double support phase, the first half of the single
support phase and the second half of the single
support phase. The global states are defined by the
sensory information on the alternation of the foot
contacting the ground and the orientation of the
vector from the COP to the COG.

(3) Reciprocal inhibitions are incorporated
between the neural oscillators on the contralateral
side, which generates the anti-phase rhythm of
muscles between the two limbs. Connections between
the neural oscillators on the ipsilateral side change in
a phase-dependent manner by using the global state to

generate the complex phase relationships of activity
among the muscles within a limb.

Fig. 1 A model of the neuro-musculo-skeletal system for
human locomotion [12].

(4) Both the local information on the angles of
the body segments and the global information on the
entire body are sent to the neural oscillators in a
manner similar to the functional stretch reflex, so that
neural oscillation and body movement are
synchronized. Sensory information is sent only
during the relevant phase of the gait cycle by
modulating the gains of the sensory pathways in a
phase-dependent manner, which is determined by the
global state.

(5) All of the neural oscillators share tonic
input from the higher center, which is represented by
a single parameter. By changing the value of this
parameter, the excitability of each oscillator can be
controlled so that different speeds of locomotion are
generated.

(6) While the neural rhythm generator induces
the rhythmic movement of a limb, a posture
controller (PC) is responsible for maintaining the
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static posture of the stance limb by producing phase-
dependent changes in the impedance of specific joints.
The final motor command is a summation of the
signals from the neural rhythm generator and the
posture controller.

Fig.2 The results of computer simulation of emergence of
neural activity, muscle torque and walking movements
which  are generated in a self-organized manner.

The computer simulation demonstrated that,
given a set of initial conditions and values of various
parameters, a stable pattern of walking emerged as an
attractor which was formed in the state space of both
the neural and musculo-skeletal system. Figure 2
shows neural activities, muscle torques and a stick
picture of walking within one gait cycle. The attractor
was generated by the global entrainment between the
oscillatory activity of the neural system and rhythmic
movements of the musculo-skeletal system.

When we first proposed the model of bipedal
locomotion [5], there was few study to suggest the

existence of spinal CPG in humans. Recently, several
studies have shown evidence for a spinal CPG in
human subjects with spinal cord injury [21,22].  Our
model is likely to capture the essential mechanism for
the generation of human bipedal locomotion.

2.2 Real-time flexibility of bipedal
locomotion in an unpredictable
environment

When the solution of the differential equations which
were composed of the neural and musculo-skeletal
systems converged to a limit cycle that was
structurally stable, walking movement was
maintained even with small changes in the initial
conditions and parameter values [13]. For example,
when part of the body was disturbed by a mechanical
force, walking was maintained and the steady state
was recovered due to the orbital stability of the limit
cycle attractor. When part of the body was loaded by
a mass, which can be applied by changing the inertial
parameters of the musculo-skeletal system, the gait
pattern did not change qualitatively but converged to
a new steady state, where the speed of walking
clearly decreased. When the walking path suddenly
changed from level to uneven terrain, stability of
walking was maintained but the speed and the step
length spontaneously changed as shown in Fig. 3.
Naturally, the stability of walking was broken for a
heavy load and over a steep and irregular terrain.

Fig. 3 Walking over uneven terrain.

The real-time adaptability is attributed not
only to the afferent control based on the
proprioceptive information that is generated by the
interaction between the body and the mechanical
environment, but also to the efferent control of
movements based on intention and planning. In this
model, a wide range of walking speeds were available
by using the nonspecific input from the higher center
to the neural oscillators, which was represented by a
single parameter. Changes in the parameter can
produce bifurcations of attractors, which correspond
to different motor patterns [5,13].

It is open whether a 3D model of the body
with a similar model of the neural system will
perform dynamic walking with stability and

Activity of
Neural Rhythm Generator Muscle torque

Stick picture of walking



flexibility. Designing such a model is a crucial step
toward constructing a humanoid robot that walks in a
real environment [23].

3. Anticipatory Adaptation of Locomotion
through Visuo-Motor Coordination

As long as the stability of the attractor is maintained,
the locomotor system can produce adaptive
movements even in an unpredictable environment.
However, this way of generation of motor patterns is
not sufficient when the attractor looses stability by
drastic changes in the environment. For example,
when we step over an obstacle during walking, the
path of limb motion must be quickly and precisely
controlled using visual information that is available in
advance. Given the emergent properties of the neuro-
musculo-skeletal system for producing the basic
pattern of walking, how the anticipatory adaptation to
the environment was realised? Neurophysiological
studies in cats have shown that the motor cortex is

Fig.4 A model of the anticipatory adaptation of locomotion
when an obstacle can be seen [15].

involved in visuo-motor coordination during
anticipatory modification of the gait pattern [24].

It was examined whether modifications of the
basic gait pattern could produce rapid changes in the
pattern so as to clear an obstacle placed in its path. As
shown in Fig. 4, the neural rhythm generator was
combined with a system referred to as a discrete
movement generator, which receives both the output
of the neural oscillators and visual information
regarding the obstacle and generates discrete signals
for modification of the basic gait pattern [14].

By computer simulation, avoidance of obstacle
of varying heights and proximity was demonstrated
as shown in Fig. 5. An obstacle placed at an arbitrary
position can be cleared by sequential modifications of
gait; modulating the step length when approaching
the obstacle and modifying the trajectory of the swing
limbs while stepping over it. An essential point is that
a dynamic interplay between advance information
about the obstacle and the on-going dynamics of the
neural system produces anticipatory movements. This
implies that a planning of limb trajectory is not free
from the on-going dynamics of the lower levels of the
neural system, the body dynamics and the
environmental dynamics.

Fig. 5 Result of computer simulation of obstacle avoidance
during walking [15].

4. Freezing and Freeing Degrees of
Freedom in the Development of
Locomotion

Once we had chosen a structure of the neural system
and a set of parameter values that produced a walking
movement as a stable attractor, the model exhibited
the flexibility against various changes in the
environmental conditions. However, it was difficult
to determine the structure of the model and to tune
the parameters, since the entire system was highly
nonlinear. A number of studies have used a genetic
algorithm to obtain a good performance of
locomotion in animals [25] and in humans [26].
Another approach to overcoming the difficulty of
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parameter tuning of locomotor systems is to explore
the motor development of infants and to unravel a
developmental principle of the neuro-musculo-
skeletal system. Here I show that a freezing and
freeing degrees of freedom is one of the key
mechanisms for the acquisition of bipedal locomotion
during development.

A prominent feature of locomotor
development is that newborn infants who were held
erect under their arms perform locomotor-like activity
[27]. The existence of the newborn stepping implies
that the neural system already contains a CPG for
rhythmic movements of the lower limbs. Interestingly,
this behavior disappears after the first few months. At
around one year of age, infants start walking
independently. Why the successive appearance,
disappearance and reappearance of stepping were
observed in the development of locomotion?
According to the traditional neurology, the
disappearance of motor patterns is due to the
maturation of the cerebral cortex which inhibits the
generation of movements on the spinal level.
However, it was reported that the stepping of infants
of a few months of age can be easily induced on a
treadmill [27]. It is likely that the spinal CPG is used
for the generation of independent walking.

I hypothesized that this change reflects the
freezing and freeing degrees of freedom of the neuro-
musculo-skeletal system, which may be produced by
the interaction between a neural rhythm generator
(RG) with neural oscillators and a posture controller
(PC). A computational model was constructed to
reproduce qualitative changes in motor patterns
during development of locomotion by the following
sequence of changes in the structure and parameters
of the model as shown in Fig.6 [14].

(1) It was assumed that the RG of newborn
infants consists of six neural oscillators which
interact through simple excitatory connections and
that the PC is not yet functioning. When the body was
mechanically supported and the RG was activated,
the model produced a stepping movement, which was
similar to the newborn stepping. Tightly
synchronized movements of the joints were generated
by highly synchronized activities of the neural
oscillators on the ipsilateral side of the RG, which we
called "dynamic freezing" of the neuro-muscular
degrees of freedom.

(2) When the PC was recruited and its
parameters were adjusted, the model became able to
maintain static posture by "static freezing" of degrees
of freedom of joints. The disappearance of the
stepping was caused by interference between the RG
and the PC.

(3) When inhibitory interaction between the
RG and the PC was decreased, independent stepping
appeared. This movement was lacking in the ability
to progress forward. We called this mechanism as
"static freeing," since the frozen degrees of freedom
of the musculo-skeletal system by the PC were freed.

(4) By decreasing the output of the PC and
increasing the input of the sensory information on the
segment displacements to the RG, a forward walking
was gradually stabilized. The simply synchronized
pattern of neural activity in the RG changed into a
complex pattern with each neural oscillator
generating rhythmic activity asynchronously with
respect to one another. By this mechanism, which we
called "dynamic freeing," gait patterns became more
similar to those of adults.

Fig. 6 A model of the development of bipedal locomotion
of infants and results of computer simulation.
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This model suggests that the u-shaped changes
in performance of the stepping movement can be
understood as the sequence of dynamic freezing, the
static freezing, the static freeing and the dynamic
freeing of degrees of freedom of the neuro-musculo-
skeletal system. This mechanism is considered to be
important to acquire both stability and complexity of
movements during development. Parameter tuning for
dynamic walking becomes easier after the control of
the static posture is established.

5. Chaotic Dynamics of Spontaneous
Movements of Young Infants

It remains to be open whether the concept of self-
organization in nonlinear dynamical systems can be
generalized to unravel the principle of development
of complex behaviors including not only rhythmic
movements such as walking but also varieties of
discrete movements such as reaching arms and
touching objects. We focused on what is called
general movement (GM) of young infants who have
not yet acquired voluntary movements [28]. The GM
is a spontaneous movement, which is not just a
random movement but a complex one involving head,
trunk, arms and legs. The GM emerges during early
fetal life and disappears around the age of 4 months
post-term when voluntary motor activity gradually
appears. Although the GM has attracted attention
from a clinical point of view, dynamic properties of
the GM have not yet been determined.

We conducted longitudinal observation of the
GMs of infants at 4 weeks intervals from 1 to 4
months post-term age [16]. Subjects were 10 infants;
7 normal full-term infants, twin infants born pre-term,
one of who was normal but the other was diagnosed
as cerebral palsy, and one infant who had midcerebral
artery thrombosis. Two-dimensional positions of four
reflective markers, which were taped on each of
wrists and ankles, were measured using a video
camera and a computer with software for digitizing
and processing of video images. We finally obtained
epochs of spontaneous movements for 150 sec for
each observation. Figure 7 shows examples of
longitudinal changes in patterns of GMs for two
normal infants.

In order to characterize the complexity and
variability of GMs, we assumed that time series of
GMs were generated by a dynamical system.
Dynamic properties of GMs were assessed by the
method of nonlinear prediction [29], in which we
estimated predictability of trajectories in a phase
space that was constructed by embedding of the
original time series of x-y coordinate of four limbs. It
should be noted that not position but velocity data

were used to remove linear trends and to give greater
density in phase space. Chaotic dynamics would be
revealed by a decrease in the predictability with
increasing prediction time steps, whereas linear
process with uncorrelated noise would show a non-
decreasing predictability. Statistical significance of
nonlinearity was also examined using the method of
surrogate data processing to exclude a possibility that
high predictability can be obtained by random noises
with linear auto-correlations [30].

We found evidence that the spontaneous
movements of normal subjects were generated by
nonlinear dynamics, which can be distinguished from
linear processes and correlated noises. We also
analyzed developmental trends in the motor pattern
changes and detected U-shape changes in the
complexity around 2 months of age for 5 infants out
of 8 normal infants. Furthermore, movements of the 2
abnormal infants were characterized by loss of
complexity; one showed too rhythmic pattern and the
other showed a random one.

Fig. 7. Longitudinal changes in trajectories of four limbs
during general movements of two normal infants for the
first 4 months of age [16].

Our findings showed that the development of
motor patterns is not a progressive process from a
simple to a complex state nor a converging process
from a random to an organized state. The
developmental changes of the GM around the age of
2 months can be accounted by dynamic freezing and
freeing degrees of freedom as shown in the model of
development of locomotion. However, the entire
processes of developmental changes in the GM are
not so simple as the story of the development of
locomotion, since the GM includes wide range of
motor repertoire such as kicking, reaching arms,



touching one’s own body etc. From a point of neural
mechanism, the loss of complexity in the patterns of
the GM suggests that the cortex is involved in both
the generation of complex motor patterns and the
transformation of the GM patterns during
development. This infers that the chaotic dynamics of
the neuro-musuclo-skeletal system may play an
important role for acquisition of movements during
development. To confirm these findings, three-
dimensional measurement of motion of entire body is
in progress.
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Abstract 
We have been exploring the factors that guide the selection 
of alternate foot placement during locomotion in a cluttered 
environment.  The results show that when normal landing 
area is unavailable or undesirable, individuals select an 
alternate foot placement that minimizes changes to the 
normal gait trajectory and ensures dynamic stability.  These 
experiments shed light on fundamental issue of local path 
planning and are relevant to the design of legged robots 
designed to function in an unstructured environment. 
 
1. Introduction  
 
Path planning is an integral component of locomotion, and 
most often refers to route plans to goals that are not visible 
from the start.  The choice of a particular travel path is 
dependent on a number of factors such as energy cost 
(choosing the shorter of possible paths) and traversability 
(choosing a path that has been selected and traversed by 
others) [1]. We consider this global path planning.  The 
focus of this paper is on adjustments to gait that one 
routinely makes to avoid stepping on or hitting undesirable 
surfaces, compromising dynamic stability, possibly 
incurring injuries.  These on-line adaptations to gait termed 
local path planning, include selection of alternate foot 
placement, control of limb elevation, maintaining adequate 
head clearance and steering control [2], [3].  This is a 
hallmark of legged locomotion making it possible to use 
isolated foot holds for travel [4]. We have been exploring 
the factors that influence local path planning in several 
experiments and show that visual input alone does not 
specify a unique action: other factors play a role in decision 
making.  The focus of the experiments was determining 
what guides the selection of alternate foot placement during 
locomotion in a cluttered environment. 
 
In the first series of experiments, individuals were instructed 
to walk and avoid stepping on a light spot should one appear 
in the travel path [5]. The position and shape of the light 
spot was varied such that if an alternate foot placement is 
not chosen, the normal foot landing would cover different 
portions of the light spot.  The available response time was 
varied and alternate foot placement chosen were categorized 
into one of eight choices.  The results showed that selection 
of alternate foot placement was systematic; there is a single 
dominant choice for each combination of light spot and 
normal landing spot.  A hierarchy of rules was derived from 
the choices made by the individuals (see Figure 1).  First, 
the selection minimized the displacement of the foot from 
its normal landing spot.  Second, if more than one choice 
met this criterion, alternate foot placement in the plane of 
progression was preferred.  When there was a choice 

between stepping long versus short, stepping long was 
preferred; when there was a choice between stepping inside 
versus outside, stepping inside was preferred.  Analyses of 
the choices made revealed that the dominant choice requires 
minimal threat to dynamic stability, allows for a quick 
initiation of change in ongoing movement and ensures that 
the locomotor task runs without interruption.  These apriori 
criterion and constraints on the decision making clearly 
suggests that perception-action coupling mediating foot 
positioning is dependent not only on visual input acquired 
by the moving body [6], [7], but also on the prediction of 
future foot placement from kinesthetic input and constraints 
posed by dynamic stability requirements. 
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Figure 1: Decision tree that guides foot placement choice 
developed from experimental data from Patla et al. [5]. 
 



2. Computer Simulation of the Adaptive 
Locomotor Task: Experiment 1 
 
Dynamic stability and ongoing locomotor demands are, we 
argue, the primary reasons why the control system satisfies 
the objective and constraints in its selection of alternate foot 
placement.  To indirectly test this reasoning, we decided to 
keep the perceptual part of the task similar, while changing 
the action part.  Action required in this case involved the use 
of upper limbs to generate the response, significantly 
altering the postural/balance requirements.  Basically we 
used the famous yellow pages directory dictum to “let the 
fingers do the walking”. 
 
2.1 Participants  
 
Ten healthy participants with no known neuromuscular 
pathologies volunteered for the study. Age - mean - 20.1 
yrs; range - 18-25 yrs; Gender 5M, 5F; 9 right handed and 1 
left handed evaluated using a questionnaire by Bryden [8]. 
 
2.2 Computer Simulation of Locomotor Task 
 
A customized program was written to show top view of a 
travel path on the computer screen.  Footprints were shown 
to travel from the bottom of the screen to the top.  In 50% of 
the trials a light spot was projected where the 4th step would 
normally land.  The trigger for the light spot was the 
previous foot contact thus giving subjects one step duration 
to plan and manually move the next foot placement to an 
alternate location. The light spots were similar in shape and 
size (with respect to the footprint on the screen) to those 
used in the previous two locomotor experiments. 
 
2.3 Protocol 
 
Participants were comfortably seated in front of the 
computer screen and shown sample computer walking trials.  
They could control the foot placement by a mouse.  The 
mouse was positioned at a comfortable distance and location 
aligned to the midline of the body.  They completed a set of 
trials with right and left hands.  The sequence of right and 
left hand were randomly assigned. 
 
2.4 Data Analyses 
 
The analysis was identical to the one carried out for the 
previous experiment by Patla et al. [5]. 
 
2.5 Results 
 
There were some small differences in the responses between 
left and right hand, but in both instances the response 
choices did not match with those observed in previous 
experiments.  We focus on the responses for the right hand 

since in the locomotor experiment subjects altered the right 
foot placement.  Chi-square analyses revealed no significant 
differences in the dominant foot placement for the six 
experimental conditions (see Figure 2).  It is clear from 
Figure 2 that the dominant response is medial displacement 
of the footprint, by moving the mouse towards the midline 
of the body.  Success rates for avoiding the light spot were 
high (98% or greater). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: Results of foot placement choices from 
Experiment 1.  Shaded rectangle area represents landing 
area to be avoided.  Foot print location show the landing 
area chosen by the individual; the shaded footprint represent 
the dominant choices made by the participants. 
 
 
2.6 Discussion 
 
It is clear that the dominant responses observed in the 
computer simulation of the adaptive locomotor task are not 
the same as those seen in previous experiments.  The mouse 
movement required to avoid the light spot are similar to the 
operations performed in a graphical computer environment 
such as dragging a file into the trash can.  This file dragging 
operation has been found to be faster than other ways to 
perform the same task [9].   

What is intriguing is that the dominant response 
among all the conditions involves movement of the mouse 
leftward or upward and leftward.  Elliott et al [10] have 
shown that movement adjustments required to point to a 
target that is perturbed to the left are faster than when the 
target is perturbed to the right.  They have attributed this to 
different roles of the two cerebral hemispheres.  It should be 
noted that both dominant responses in this study (movement 
of the mouse to the left or left and upward) involve simple 
control at a single joint (shoulder rotation for movement to 
the left which could also be initiated with the wrist and 
shoulder flexion for movement to the left and upward).  
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The lack of differential dominant responses for 
the six experimental conditions clearly suggests that 
postural/balance constraints, the effector system (upper limb 
versus whole body) and the ongoing movement/posture 
used have a tremendous influence on the outcome. 

 
3. Selection of Foot Placement under no 
time or spatial constraints: Experiment 2 
 
The previous studies where individuals were constrained to 
modify their steps following a visual cue were useful in 
elucidating the criteria people use in selecting an alternate 
foot placement under time and spatial constraints.  In other 
studies of adaptive locomotion, individuals are given the 
choice to modify their approach phase to step on a target. 
[11]; [12]); only the goal was specified, not how it was 
achieved.  The changes required in the stepping patterns in 
these studies were restricted to the plane of progression and 
the results show that individuals modulate their step length 
in the last three steps to ensure stepping on the take-off line 
for a long jump [11].   What would happen to the foot 
placement selection to avoid landing on a target, if 
individuals had the freedom to modify their approach phase.  
An experiment to answer this question was developed and is 
described next. 
 
3.1 Participants  
 
Twelve healthy participants (6 males and 6 females) with no 
known neuromuscular pathologies volunteered for the study. 
(Age - mean - 24 yrs; range – 21-33 yrs). The average step 
length was 70.8 cm (range 59-78.9 cm), and the average 
step width was 23.2 cm (range 16-30 cm). 
 
3.2 Schematic of the experimental setup 
 
The top view of the travel path is shown in Figure 3.  The 
rectangles represented possible landing targets and were 
adjusted to each individuals normal step length.  A possible 
landing target was white in color, whereas a red rectangle 
represented a landing target to be avoided.  A red rectangle 
was placed at the location indicated by the darkly shaded 
rectangle, and another one was randomly placed in one of 
the lightly shaded rectangle.   
 
3.3 Protocol 
 
First, to determine step length and step width, all the 
participants were asked to walk across a black rubber mat 
with chalk on the soles of their shoes. Average step length 
and step width were calculated from four consecutive steps 
on the mat. Based on the individual measures, a 9.0m 
pathway of white targets (dimensions 28cm x 14cm) was set  
up. The white targets were placed medially, laterally, 
anteriorly, and posteriorly to the participants’ expected foot 
placement. Participants were instructed to walk across the 

 
Figure 3: Schematic diagram of the travel path for 
Experiment 2. Each of the shaded rectangle area represents 
a possible landing target.  A white rectangle in the shaded 
area represents a target area that can be stepped on, while a 
red rectangle represents a landing area that has to be 
avoided.  One red rectangle was located in the area shown 
by the darkly shaded rectangle.  The other red rectangle was 
located randomly in one of the other shaded rectangles 
 
 
pathway, starting with the right leg and stepping on the 
white targets only, avoiding the red ones. No other specific  
instructions regarding where to step were given. There were 
a total of 55 trials for each participant, 10 of which were 
control (no red targets in the pathway). A video record of 
each walking trial was obtained. 
 
3.4 Data Analyses 
 
From the video records, the following measures were 
determined.  Each step was coded with respect to the other 
foot placement as normal, long, short, medial, lateral or any 
combination of those.  Next, the data was transcribed into x-
z co-ordinates system and graphed according to the 
following convention: in the x-direction, short step was –1, 
long step was +1; in the z-direction: medial step was –1, 
lateral step was +1.  Figure 4 shows an example of the 
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changes in step length and width in a given trial for three 
different participants. 
 

 
 Figure 4 a, b,  & c: Stepping pattern of three participants 
for selected trials. 
 
 
3.5 Results 
 
The following key results were obtained.  Maximum 
number of consecutive steps modified during a given trial 
were either 1 (22.9 %) or 2 (68.3 %).  The relative location 
of the two targets that were to be avoided had no effect on 
whether or not one or two consecutive steps were being 
modified as shown in figure 5. Greater than 80% of the 
steps in all the trials across all participants were of normal 
step length and width.  Majority of the adjustments in step 
length (99 % of the total number) was equal to about an 
average foot length (28 cm); while majority of step width 
adjustments (93 % of the total number) was restricted to 
about an average foot width (14 cm).  
 
 
 
 
 

Figure 5: Average % of step modifications if the random 
target was located within a given radius of the constant 
target.   
 
3.6 Discussion 
 
These results confirm the findings of previous studies. 
Individuals do minimize the displacement of the foot from 
its normal landing spot (selection of stepping wide or 
narrow). Minimizing the changes to the normal walking 
patterns ensures that the energy cost for travel is minimized 
[13], and also reduces the demand on the postural/balance 
control system [5]. Adjustments to gait patterns are 
predominately in the plane of progression (almost equal 
number of step length changes compared to step width 
changes even though the step length changes are two times 
the step width changes). Changes in the step metrics in the 
plane of progression involve modulation of active muscles 
that are normally very active [14]. In contrast, changes in 
the step metrics in the frontal plane (step width modulation) 
require activation of muscles that are not as active [14]. In 
addition these results do show that adjustments to the 
stepping patterns are localized to one or two steps, and 
individuals do return to their normal gait patterns during 
subsequent steps. These findings are also similar to the 
observations by Lee et al. [11] that individuals limit the 
changes to a few steps to ensure that the goal of avoiding or 
accommodating a landing target for foot placement in the 
travel path. 
 
4. Conclusions 
 
We have been able to identify the objective and constraints 
that guide the selection of alternate foot placement during 
locomotion.  Selection of alternate foot placement is not 
random; there is a single dominant choice for each situation 
which offers several advantages.  The dominant choice 
requires minimal changes to the ongoing locomotor muscle 
activity, poses minimal threat to dynamic stability, allows 
for quick initiation of change in ongoing movement and 
ensures that the locomotor task runs without interruption.  
Perception-action coupling mediating this task is dependent 
not only on visual input but also on prediction of future foot 
placement and on constraints posed by dynamic stability 
requirement.  Since they are subject to the same perceptual  
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locomotor constraints, the results from these studies would 
be useful in the design of bipedal robots. 
 
References 
 
[1] Patla, A.E., Sparrow, W.A., 2000. Factors that have 
shaped human locomotor structure and bahavior: The 
“Joules “ in the crown. In Metabolic energy Expediture and 
the Learning and Control of Movement. Edited by: W.A. 
Sparrow, Human Kinetics, USA (in press)  
 
[2] Patla, A.E. et al. 1989.  Visual control of step length 
during overground locomotion: Task-specific modulation of 
the locomotion synergy.  Journal of Experimental 
Psychology:  Human Perception and Performance, 15(3): 
603-617. 
 
[3] Patla, A.E. et al . 1991.  Visual control of locomotion: 
Strategies for changing direction and for going over 
obstacles.  Journal of Experimental Psychology: Human 
Perception and Performance, 17(3): 603-634. 
 
[4] Raibert, M.H. (1986).  Legged Robots That Balance.  
Cambridge, MA: MIT Press. 
 
[5] Patla, A.E. et al. 1999. What guides the selection of foot 
placement during locomotion in humans..  Experimental 
Brain Research, 128:44-450. 
 
[6] Gibson,J.J. (1958)  Visually controlled locomotion and 
visual orientation in animals.  British Journal of Psychology, 
49:182-189. 
 
[7] Warren, W.H. Jr. (1988).  Action modes and laws of 
control for the visual guidance of action.  In: O. Meijer & K. 
Roth (eds), Movement Behaviour: The Motor-Action 
Controversy, Amsterdam: North Holland, 339-379. 
 
[8] Bryden, M.P. 1977.  Measuring handedness with 
questionnaires.  Neuropsychologia, 15: 617-624. 
 
[9] MacKenzie, I.S. 1992. Movement time prediction in 
human-computer interfaces.  In Human-Computer 
Interaction: Towards the Year 2000, edited by R.M. 
Baecker, J. Grudin, W.A.S.  Buxton and S. Greenberg.  pp 
483-493. 
 
[10] Elliott, D. et al. 1995.  The influence of target 
perturbation on manual aiming asymmetries in right handers.  
Cortex, 31: 685-697. 
 
[11] Lee, D.N., Lishman, J.R., & Thomson, J.A. 1982.  
Regulation of gait in long jumping.  Journal of Experimental 
Psychology: Human Perception & Performance, 8: 448-459. 
 
[12] Warren, W.H., Jr., Young, D.S. & Lee, D.N. 1986.  
Visual control of step length during running over irregular 

terrain.  Journal of Experimental Psychology: Human 
Perception and Performance, 12, 259-266. 
 
[13] Alexander, R. McN (1989).  Optimization and gait in 
the locomotion of vertebrates.  Physiological Reviews, 69: 
1199-1227. 
 
[14] Winter, D.A. (1991).  The Biomechanics and Motor 
Control of Human Gait: Normal and Pathological.  
University of Waterloo Press. 
 
 
6. Acknowledgements 
 
This work was supported by a grant from NSERC Canada. 
 



Emergence of Quadruped Walk by a Combination of Reexes

Koh Hosoda, Takahiro Miyashita, and Minoru Asada

Adaptive Machine Systems, Osaka Univ., Suita, Osaka 565-0871, fhosoda,asadag@ams.eng.osaka-u.ac.jp

Abstract

Several behaviors of living things seem to be con-

sequences of combinations of simple reexes. By this

hypothesis, emergence of walk of a quadruped robot

is demonstrated by a combination of two reexes in

this paper. One reex is to move its body according

to movement of a target object which the robot gaze

at, a vision-cued swaying reex. The other is a gait re-

ex, a gait of a free leg so as not to make the robot fall

down. As a consequence of these reexes, the quadru-

ped robot can walk according to the movement of the

target object.

1. Introduction

Among mobile abilities of robots, legged locomo-

tion has an advantage to the others owing to its

adaptivity/robustness against changes of terrain.

There have been numerous studies on legged lo-

comotion in robotics [1] to utilize this advantage.

Another reason why legged locomotion receives the

attention is that most of natural living things such

as human, animals, and insects utilize the ability.

Most common way to realize walking of a legged

robot is (1) designing a trajectory of each leg

considering kinematics and dynamics of the robot

in assumed/estimated terrain, and (2) applying a

control scheme to make each leg track the trajec-

tory. Since it is necessary to know the shape of the

ground and kinematic/dynamic parameters of the

robot beforehand, the resultant robot system can-

not be adaptive against changes of environment.

There are several attempts (for example [2]) to

make the robot adaptive by using external sen-

sors such as cameras, which still lack for a quick

response since they need to reconstruct the shape

of the ground by the external sensor signal.

Let us consider walking of an infant leaded by

his/her mother. The mother may show her hand to

the infant, and the infant tries to chase the hand.

It does not seem to be true that the infant recon-

structs geometry of the ground, calculates desired

trajectories, and moves legs. He/she may have pri-

mal reexes such as not to lose balance, to keep the

image of the hand constant, and so forth. Follow-

ing this consideration, we come to the idea that the

robot can also be controlled by several reexes.

In the �eld of biology and physiology, they as-

sume that several purposive behaviors emerge by

combinations of elemental reexes. Although the

reex of natural creatures should be di�erent from

that of artifacts, we can still learn how to con-

struct a behavior of a robot. It may be designed

by a combination of elements each of which does

not exactly correspond to a behavior. If the ele-

ment acts in a reactive manner without consider-

ing heavy reconstruction, we can call it a reex of

a robot.

The aim of this paper is emergence of walking

by a combination of such arti�cial reexes. We in-

troduce two relfexes, a vision-cued swaying reex

and a gait reex. The vision-cued reex is real-

ized by an adaptive visual servoing controller [3].

The gait reex is realized by a lifted leg controller

that generates a reective gait which consists of

three steps: (1) selecting a leg to be lifted so as

to increase the body stability, (2) shifting (lift up,

move, and down) one of other legs to enable the

selected leg lifted, and (3) shifting the selected leg.

In the rest of this article, we �rst discuss on

emergence of walking by the vision-cued reex and

the gait reex. Then, an adaptive visual servoing

controller and a lifted leg controller are proposed

to realize the vision-cued reex and the gait reex,

respectively. To realize these reexes simultane-

ously, a hybrid controller is derived consisting of

these controllers. Finally, we show experimental

results in a real environment to demonstrate that

the proposed combination of reexes can emgerge

quadruped walking.

2. Emergence of Walking

In this paper, we are going to deal with a quad-

ruped robot that has camera(s) on it (Figure 1).

The robot is gazing at a visual target and trying to



(a) When the visual taget moves,

(b) the vision-cued reex makes the robot sway, and

(c) �nally, the gait reex makes another step.

Figure 1: Legged robot walking emerges by tracking a
visual target.

keep observed target images constant. Therefore,

the robot will sway according to the movement of

the target (Figure 1(a)). This is a vision-cued re-

ex built in the robot.

The robot also has force sensors at its feet. By

these force sensors, the robot can observe the ZMP

(zero moment point) which is used to calculate a

stability measure. Yet another reex of the robot

is a gait reex by utilizing this stability measure.

When the stability is small (Figure 1(b)), the robot

will make steps to enlarge it (Figure 1(c)).

Because of a combination of these two reexes,

the robot will sway when the movement of the tar-

get is small, and it will walk when the movement is

large. Note that these reexes do not necessarily

corresponds to a behavior. We do not explicitly

program walking of a quadruped, but it emgerges

as a consequence of two reexes.

3. Vision-cued Swaying Reex

To realize vision-cued swaying according to the

movement of the target, we apply visual servoing

[4, 5]. The visual servoing controller feeds the vi-

sual information back to control inputs directly,

which makes the robot response quick and robust.

There have been many studies on visual servoing

applied to manipulators, but only one for legged

robots [6] to the best of our knowledge. In the

paper, to apply visual servoing to a legged robot,

stance servoing control is introduced.

Another di�culty to apply visual servoing to the

legged robot is that the relation between change of

features in the image plane and joint displacement

is unknown when the geometry of the terrain is

unknown. To estimate the relation, we have to

use an on-line estimator [3, 7].

In this section, we quickly introduce adaptive

visual servoing control for legged robots to realize

a vision-cued swaying reex, consisting of a stance

servoing controller, an on-line estimator, and a vi-

sual servoing controller.

3.1. Stance servoing control

First, we introduce the stance servoing controller

to keep distances between feet constant. Let R
ri

be a position vector of the foot i with respect to

the robot coordinate frame �R �xed to the robot

body. Since a stance vector l, a correction vector

of distance between feet, is a function of R
ri, we

can derive a velocity relation:

_l = J lr
R _r; (1)

where R
r = [Rr1

T R
r2

T
� � �

R
r2

T ]T , and J lr =

@l=@ R
r
T . From eq.(1), we can obtain a stance

servoing controller:

u = J lr

+
Kl(ld � l) + (I � J lr

+
J lr)kl; (2)

where J lr

+, ld, K l, and kl denote the pseudo-

inverse matrix of J lr, the desired stance vector,

a gain matrix, and an arbitrary vector that de-

scribes redundancy, respectively. Utilizing the sec-

ond term on the right hand side, we can apply

servoing control.

3.2. Visual servoing control

From the camera(s) attached to the robot body,

one can get some image features such as position,

line length, contour length, and/or area of certain



image patterns. Let a vector of the image features

be x. Assume that the target is moving so slowly

that one can neglect the velocity of the target com-

paring to the velocity of the robot. If the stance

servoing controller (2) keeps the feet distances con-

stant, the image feature vector x is a function of
R
r,

_x = Jxr

R _r; (3)

where Jxr = @x=@RrT .

By utilizing null space of eq.(2), we can derive

an adaptive visual servoing controller for a legged

robot,

u = J lr

+
K l(ld � l)

+(I � J lr

+
J lr)

�
Jxr(I � J lr

+
J lr)

	+
�
Kx(xd � x)� JxrJ lr

+
Kl(ld � l)

	
;(4)

whereKx denote a gain matrix for visual servoing.

3.3. On-line estimator

The Jacobian matrix Jxr is a function not only

of intrinsic camera parameters but also of posi-

tion/orientation of the visual target w. r. t. �R,

and of geometry of the terrain. Since the legged

robot is moving in unknown terrain and the po-

sition of target is also unknown, the robot must

estimate Jxr on-line.

We can derive an on-line estimator to identify a

non-linear system in the discrete time domain [3],

bJxr(k) = bJxr(k � 1)

+f�x(k)� bJxr(k � 1)�u(k)g

�u(k)
T
W (k � 1)

� +�u(k)
T
W (k � 1)�u(k)

; (5)

where bJxr(k), u(k)(= T _�), �, and W (k) denote a

constant Jacobian matrix, a control input vector

in the k-th step during sampling rate T , an appro-

priate positive constant and a weighting matrix,

respectively. In a case that W is a covariance ma-

trix and that �i is in the range 0 < � � 1, the

proposed estimator is a well-known weighted re-

cursive least squares estimator [8].

By using estimated bJxr instead of Jxr in the vi-

sual servoing controller (4), we can realize a vision-

cued reex of the legged robot.

4. Gait Reex to Increase Body Stability

To realize a gait reex, we proposed a gait stategy

based on a body stability measure calculated from

Zero Moment Point (ZMP)

Supporting leg polygon

Top view of supporting leg polygon

Stability margin

ZMP

Foot Foot

Foot Foot

(a) a stable pose

Stability margin

..... This foot can't be lifted up

..... This foot can be lifted up

Supporting leg triangles

ZMP

(b) an unstable pose

Figure 2: The stability margin is the shortest distance

between the ZMP and a side of the supporting leg

polygon. If the margin is large, the robot is stable,
otherwise it is unstable.

the ZMP.

4.1. The reective gait procedure

We adopt a stability margin [9], the shortest dis-

tance between the ZMP and a side of the sup-

porting leg polygon (the boudaries of the support

pattern), as a stability measure of the legged robot

(see Figure 2). As the robot sways the body, the

margin becomes small as shown in Figure 2(b). To

recover the stability, the robot has to move one of

legs indicated as \�" in the �gure so as to increase

the margin. However, both legs can not be lifted

up immediately because they are included in two

supporing triangles where the ZMP is inside. To

lift up one of the legs (which we call target leg

in the following), therefore, one of the others indi-

cated as \�" has to be moved as shown in Figure 3.

This is a reactive gait procedure since it is reactive

to the movement of the ZMP.

4.2. Lifted leg control algorithm

We can realize the reective gait by a simple al-

gorithm as follows. The positions of the lifted legs

fall into two cases with respect to the relationship

between the supporting legs and vzmp, the velocity

of ZMP (see Figure 4): a hind leg case and a fore

leg one.



(a) To lift the target leg (right below \�"), the robot

have to move one of the others to make the target leg
out of one of supporting triangles.

(b) After moving the leg, the target leg can be lifted

up since it is no more inside the supporting triangle.

Figure 3: The procedure of the reective gait

A

B

C

Lifted leg

rR zmp

ZMP

(a) a hind leg case

A

B

C Lifted leg

ZMP

rR zmp

(a) a fore leg case

Figure 4: Supporting leg triangles and a lifted leg

The hind leg case (Figure 4(a): The lifted leg is

the diagonal leg of leg(A) or leg(B).) The

robot moves the lifted leg to keep ZMP in-

side the next supporting leg triangle which

consists of leg(A) (or leg(B)), leg(C), and the

lifted leg. Subsequently, leg(B) (or leg(A))

becomes the lifted leg.

The fore leg case (Figure 4(b): The lifted leg is

the diagonal leg of leg (C).) The robot moves

the lifted leg to appropriate position in front

of it, but does not touch down yet. If the ZMP

moves into the next supporting leg triangle

which consists of leg(A), leg(B), and the lifted

leg, then it is naturally touched down, and

subsequently leg(C) becomes the lifted leg.

5. Experiments

We apply the proposed two controllers to a real

quadruped robot to realize two reexes. Emer-

gence of walking is demonstrated in this section.

5.1. A quadruped for experiements

In Figure 5, a legged robot TITAN-VIII [10] and

its controller used for the experiment are shown.

The legged robot is equipped with one CCD cam-

era (EVI-310, SONY). The image from the cam-

era is sent to a tracking unit (TRV-CPD6, Fu-

jitsu) equipped with a high-speed correlation pro-

cessor [11]. Before starting an experiment, we give

three 16[pixel] � 16[pixel] patterns (called refer-

ence patterns) to be tracked. During the experi-

ment the unit feeds coordinates where the corre-

lation coe�cient is the highest with respect to the

reference patterns to the host computer G6-200

(Gateway2000, CPU:Intel Pentium Pro 200MHz)

through a PCI-bus link in real-time (33[ms]).

Each joint of the legged robot is equipped with

a potentiometer to observe its angle. Each foot

is also equipped with a force sensor to observe its

foot force and to estimate the ZMP. The observed

joint angles and the foot forces are sent to the

computer through an A/D converter board (RIF-

01, Fujitsu). The computer calculates the desired

joint velocities and sends the commands to the ve-

locity controllers of joints through a D/A converter

board (RIF-01, Fujitsu). A hand cart is used as a

visual target on which 3 target marks are drawn.

5.2. Experimental results

An example of emerged walking is shown in Fig-

ure 6. At t=2.0[s], the cart began to move right-

ward. The robot was initially supported by right-

fore-leg (RF), left-fore-leg (LF), and left-hind-

leg (LH). The initial lifted leg was right-hind-leg

(RH). The robot was swinging its body as the tar-

get motion and switched the lifted leg from RH

to LF at t=14.0[s], which was the fore leg case.

Subsequently, it switched the lifted leg from LF to

RF (the hind leg case) at t=23.0[s], from RF to

LH (the fore leg case) at t=32.0[s], from LH to LF

(the hind leg case) at t=39.0[s]. In Figure 6, we

can see how the legged robot behaved reectively

to track the visual target.

6. Conclusion and Disscussions

Emergence of walk of a quadruped has been dem-

onstrated by a combination of two reexes in this

paper. As a consequence of these reexes, the real



Figure 5: An experimental system: A quadruped
\TITAN-VIII" and its controller used for the exper-

iments.

quadruped walked to track the moving target. We

expect that this way of building a robot may be

adaptive to changes of the environment, and that

an unexpected behavior emerges as a consequence

of a combination of reexes, the robot body, and

the environment.

The hypothesis, several purposive behaviors

emerge by combinations of elemental reexes,

must be demonstrated by more variety of tasks

and robots. We have demonstrated a case of an

arm and a case of a hand with several reexes in

other papers[12, 13]. However, still more examples

are needed.

A robot, as a universal machine, ought to have

adaptivity, ability to estimate appropriate control

parameters and/or structure to achieve a given

task in an environment. So as to have such adap-

tivity against changes of task and environment, a

robot needs to have larger number of actuators

and more variety of sensors. Such many degrees

of freedom are expected to be controlled easily by

the proposed method.

t=2.0[s] t=9.0[s]

t=14.0[s] t=23.0[s]

t=32.0[s] t=39.0[s]

Figure 6: An experimental result: The legged robot

walks reectively to follow the movement of the target.
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Abstract-Walking machines can walk over obstacles
without touching them only if they can anticipate
contact and make suitable gait modifications. Existing
visually guided machines use computationally intense
approaches that require construction of a
geometrically correct model of both the environment
and the robot. We present a model, inspired by
research in vertebrates, in which the stride length
modification that takes place before stepping over the
obstacle is learned based on experience. The key
hypothesis introduced here is the use of temporal
gating of the visual signal encoding the distance to an
obstacle. This hypothesis enables the formulation of the
problem as a direct mapping of perception to action. In
addition, the use of temporal gating also facilitates
learning by simplifying the credit assignment problem.
Our approach does not require that a geometric
representation of the environment be created and
updated based on new observations. Our simulation
results indicate that the desired mapping can be
learned quickly. The resulting gait modulation is
smooth and coordinated with the phase of the central
pattern generator controlling the robot. Our model
qualitatively reproduces human data where the
uncertainty in footsteps decreases with approach to an
object.

1 Introduction

Locomotion and perception have been treated as
separate problems in the field of robotics. Under this
paradigm, one first solves the ‘vision problem’ of
recovering the three-dimensional geometry of the
scene. This information is then passed to a planning
system that has access to an explicit model of the robot.
A good trajectory is found for each individual leg to
move over the obstacle. This solution is
computationally intense and, as demonstrated for the
Ambler walking machine (Krotkov and Hoffman,
1994; Krotkov and Simmons, 1996), too slow for real-
time control using moderate power CPUs.
Furthermore, this approach does not exploit the fact

that the walking machine will be presented with a
similar situation again and again.

The approach considered here is to eliminate the
intermediate explicit model and consider creating a
direct coupling of perception to action, with the
mapping being adaptive and based on experience. For
this approach we use a temporal gating hypothesis by
which sensory data (distance to the object) is
temporally gated to modify the output of the locomotor
controller.

Recently, a number of studies have pointed out the
necessity of gating mechanisms to control the flow of
sensory signals in the brain of vertebrates (Prochazka,
1989; Chapman, 1994; Apps, 1999). In particular,
temporal gating during a visual discrimination task
prevents extraneous signals occurring around the time
of the critical visual event to affect performance
(Seidemann et al., 1998).

Continuous visual input is not necessary for
accurate stepping. Not all visual samples have the same
potential for control limb movements. Samples taken
when the foot to be controlled is in stance are by far
more effective in modulating gait. It has been
suggested that during stepping visual information is
used during the stance phase in a feedforward manner
to plan and initiate changes in the swing limb trajectory
(Holland and Marple-Horvat, 1996; Patla et al., 1996).

Finally, behavioral studies in humans have shown
that the regulation of the step depends on the distance
to the obstacle. Data from athletes in the long jump
have demonstrated that just prior to lift-off the athlete
modulates his/her stride length over the last three steps
(Lee et al., 1982). Also, the standard deviation of the
footsteps decreases over the last three steps.

Taken together, this may indicate that gait is
modulated at discrete intervals. This modulation may
be a highly stereotyped program that depends on a brief
sampling of the visual environment to instantiate it (c.f.
Patla et al., 1991). This hypothesis is intriguing
because it implies that after a brief sample it is not
necessary to store an internal representation of the
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world that needs to be shifted and updated during
movement.

This shifting and updating is problematic for both
neural and traditional robotics models.

2 Elegant Stepping Model

The adaptation problem that we will address can be
described abstractly as follows. We wish to make
associations between a distance to the obstacle and a
change in stride length.  We wish to adjust this
mapping adaptively and based on experience.

We choose the occurrence of a paw extension and
paw placement reflex as training signals. If a reflex is
triggered while the leg is extending, then the paw had
almost cleared the obstacle. In this case we adjust
previous associations between distance and stride
length to make longer strides in the future. If a paw
placement reflex is triggered when the leg is flexing,
we adjust the previous associations between distance
and stride length to make shorter strides in the future.

One key difficulty in learning is how to propagate
the error back in time in a biologically plausible way.
Note that visual information flows into the animal’s
eyes continuously. However, we note that changes in
the step cycle are most effective during narrow time
windows. Therefore, we hypothesize that sensory
information from visual areas (e.g. distance) is gated
periodically and in synchrony with the step cycle.  This
is our temporal gating hypothesis. This information is
then held, decaying exponentially, and is used to
modulate the gait over the following step cycle. Thus,
as the robot approaches an obstacle, it makes at most
three discrete decisions prior to going over the
obstacle. These decisions occur at the three footsteps
prior to going over the obstacle. This discretization
simplifies the credit assignment problem.

The model has four main parts, referring to Fig. 1:
(1) Range Encoder encodes distance to the
obstacle using nonoverlapping cells. No spatial
ordering of units is assumed. These elements are
gating into short-term memory.
(2) Locomotory Generator the central pattern
generator (CPG) is modeled as a ring oscillator
(Lewis, 1996) that drives two output functions. One
drives the muscle of the leg and the other indicates
the beginning of each step cycle and is used for the
sensory gating. In addition, a “ lift reflex”  increases
the amplitude of the CPG output and is hardwired.
(3) Mechanical System this is the model of
environment/leg interaction. We simulate the
muscle as a low-pass filter. This muscle drives the
flexion of one degree of freedom leg. Each obstacle
is simulated as being a rectangle.
(4) Learning System the activity of the units in
the range encoder are one-to-one gated into short-

term memory cells (STM) in synchrony with the
step cycle. The gate used to accomplish this is a
shunting inhibition signal originating in the CPG.
An adaptive premotor module receives a weighted
signal from the STM, and controls the stride length
by modulating the burst length (parameter of the
CPG controlling the flexion of the leg). The STM
activates synapses in the adaptive module. Traces
in these synapses maintain a brief memory of
having being activated. If a reflex is triggered, then
a heuristic is used to modify the weights of the
adaptive module. If a paw placement reflex has
occurred, then all synapses contributing to this
decision should be incrementally decreased. If a
paw extension reflex occurs, they should be
increased.

3 Simulation Experiments

Figure 2 shows a typical foot trajectories before and
after learning. As can be seen, the adaptive gait allows
the foot to be in a position to clear the obstacle. If
stride length adjustments are not made, it may be
nearly impossible for the leg to clear the obstacle.

Figure 1. Model of Elegant stepping. (A)Visual
input is periodically gated into short term memory
by a phase signal ascending from the CPG.
Short term memory elements are weighted and
the resulting output is used to shorten or
lengthen the stride length. (B) Certain reflexes
signal error conditions. This supervisory signal is
propogated back through time, in a biologically
plausible way, and adjusts the short term
memory weights.



Notice that the stride length is adjusted three times
before the animal reaches the obstacle.

The learning takes place quickly. The algorithm
performs well after about 20 training cycles. After
about 100 trials, no more mistakes are made in the gait.
Learning is smooth. As the robotic leg moves toward
the obstacle, the burst length (parameter of the CPG
controlling the flexion of the leg) is gradually altered.
After passing the obstacle, the burst length gradually
relaxes to its former value. Thus, the gait is altered
smoothly.

Interestingly, the variance in footsteps decreases as
the robotic leg approaches the obstacle (Fig 3). Just as
in long jump athletes the standard deviation of the
footsteps decreases just before the final footstep. Thus,
the robot found a ‘sweet’  spot to land on just before
going over the obstacle. Furthermore, the variance in
footsteps also decreases with increasing object size.
The ‘sweet’  spot is small if the object is large.

The weight distribution after learning is periodic
(Fig. 4). The perceptual space is divided into periodic
regions.

4 Discussion

In our model perception and action are tightly coupled.
The mapping is adaptive and based on experience. The
goal of the adaptation is to use distance measurements
to smoothly modulate a CPG controlling gait. A key
element in our model is the use of a temporal gating
hypothesis which simplifies the learning problem.

Our approach does not require that a geometric
representation of the environment be created and
updated. This is in strong contrast to current practice in
machine vision and robotics of surface reconstruction
as a prerequisite to planning.

4.1 Separation of Obstacle Clearance and
Stride Length adaptation.

The model presented here separates the task of
stepping over the obstacle into two components: stride

length adjustment and foot elevation going over the
obstacle. The focus of the adaptation in the model is
the stride length adjustment.  It can be argued that if
the stride length is adjusted in anticipation of the
obstacle, the task of stepping over the obstacle will be
easier. Thus, there is some interaction between the two
components. If stride length is poor, then the final step
may fail.

Future work should entail strategies for learning the
sensory motor transformation for the last step. That is,
how does the animal step over the obstacle, while,
presumably, optimizing other criteria such as stability,
comfort and perhaps energy usage.

Currently, information about the height of the
object only impacts stride length. Training occurs for a
given set of weights for a single object height only. In
the future, object size should be used to give the
weights a certain context.

Figure 2. Typical gait trajectories. Example of gait
trajectory before and after learning.

Standard Deviation of Robot Footfalls, Distance and Obstacle Size

Distance to Obstacle

Obstacle Size

Figure 3. Standard deviation for varying object sizes
and distances to object. As the robot approaches the
obstacle, its foot fall variance decreases. Variance
also decreases with increasing object size.

Figure 4. Typical weight distribution after learning.
Notice that the weights, or adjustment commands
are periodic.  Here the weights are ordered
according to their correspondence to distances from
the obstacle. This ordering is done for the sake of
presentation. The algorithm does not assume any
particular structure of the sensory space.



4.2 Temporal Gating

Recent studies in cats suggest that during stepping
over obstacles premotor signals from the motor cortex
may be gated onto the spinal CPG network in
synchrony with the step cycle (Drew et al., 1996).

In our model sensory signals (distance) are gated in
synchrony with the step cycle. This is our temporal
gating hypothesis. Sensory gating has been shown for
signals exiting the middle temporal visual area during a
visual discrimination task (Seidemann et al., 1998). In
addition, movement-related gating of sensory input to
the cerebellum via climbing fibers has also been
suggested (Apps, 1999).

A recent article by Taga (1996) addresses the
problem of adjusting the parameters of a CPG so that a
biped figure is able to walk over an object. In that
paper Taga proposes a method for synchronizing
corrective input to muscles in synchrony with the step
cycle. He was inspired by work of  Drew and others
(see Drew et al., 1996 for a review).

The Taga work is a complement to the work
presented here. While our model address the
acquisition of a visuomotor mapping, and proposes
sensory gating.  The Taga work supposes that there is a
kind of motor gating of commands to the muscles.
These are compatible interpretations. In practice our
adjustment signal might need to be broken up into
discrete time intervals to control individual muscles.
While our CPG system is rudimentary, Taga’s CPG is
more complex. It is likely that Taga’s biomechanical
model could be substituted for the rudimentary
biomechanical model presented here. The results
should be similar even with a more complex model.

Secondly, the Taga model is concerned with the
details of stepping over the object, the system
described here considers changes in stride length
before the animal or robot reaches the obstacle. We
design a system that assumes such programs exists. We
are concerned with providing input parameters to such
a motor program.

Finally, the model presented by Taga is not
concerned with learning.

4.3 Learning Visuomotor Behavior

Asada et al. (1996) describe a system that uses
reinforcement learning to automatically generate
associations between perceptual stimuli and action. In
general the reinforcement learning problem is more
difficult than the problem examined here. Using some
knowledge of the problem, we were able to deduce that
a reflex signal would be an ideal training input. This
signal gives the algorithm feedback as to what it should
do when an error occurs. Thus the learning algorithm
used here is a supervised learning problem. The
formulation of the this problem as a supervised

learning problem undoubtedly accounts for the quick
learning observed.
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Abstract

We are trying to induce a quadruped robot to walk

dynamically on irregular terrain by using a neural

system model. In this paper, we integrate several

reexes such as stretch reex, vestibulospinal reex,

and extensor and exor reex into CPG (Central Pat-

tern Generator). The success in walking on terrain of

medium degree of irregularity with �xed parameters

of CPG and reexes shows that the biologically in-

spired control proposed in this study has an ability for

autonomous adaptation to unknown irregular terrain.

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. However, autonomous dynamic adap-

tation in order to cope with an in�nite variety of

terrain irregularity still remains unsolved.

On the other hand, animals show marvelous

abilities in autonomous adaptation. It is well

known that the motions of animals are con-

trolled by internal neural systems. Much previ-

ous research attempted to generate autonomously

adaptable dynamic walking using a neural system

model in simulation[1, 2, 3, 4] and real robots[5, 6,

7]. In our previous studies[7], we realized dynamic

walking up and down a slope, and over an obsta-

cle by using a CPG (Central Pattern Generator)

and reexes independent of a CPG. However, the

irregularity of terrain in that study was low and

walking was not smooth.

In this study we propose a new method for

combining CPGs and reexes based on biologi-

cal knowledge, and show that reexes via a CPG

is much e�ective in adaptive dynamic walking on

terrain of medium degree of irregularity through

experiments. In the proposed method, there does

not exist adaptation based on trajectory planning

commonly used in the conventional robotics and

adaptation to irregular terrain is autonomously

generated as a result of interaction of the torque-

based system consisting of a rhythm pattern gen-

erator and reexes with environment.

2. Dynamic Walking Using CPGs

2.1. Quadruped robot

In order to apply the control using neural sys-

tem model, we made a quadruped robot, Patrush.

Each leg of the robot has three joints, namely the

hip, knee, and ankle joint, that rotate around the

pitch axis. An ankle joint is passive. The robot is

36 cm in length, 24 cm in width, 33 cm 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 reex mechanism, 6 axes force/torque

sensor is attached 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 pro-

grams below are written in C language and exe-

cuted on RT-Linux.

In this study, we de�ne the virtual extensor and

exor muscles on a quadruped robot, and origin

and direction of joint angle and torque as shown in

Fig.1. In addition, we use such notation as L(left),

R(right), F(fore), H(hind), S(hip), x(joint angle),

fx and fz(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.

2.2. Walking on at terrain using CPGs

By investigation of the motion generation mecha-

nism of a spinal cat, it was found that CPGs are

located in the spinal cord, and that walking mo-
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Figure 1: (a) Virtual extensor and exor muscle on a

quadruped robot. (b) Origin and direction of angles

and direction of torque.

tions are autonomously generated by the neural

systems below the brain stem[8, 9]. Several math-

ematical models of a CPG were also proposed, and

it was pointed out that a CPG has the capability

to generate and modulate walking patterns[10], to

be mutually entrained with rhythmic joint motion,

and to adapt walking motion to the terrain[1, 2].

As a model of a CPG, we used a neural oscilla-

tor (NO) proposed by Matsuoka[11] and applied to

the biped by Taga[1, 2]. The stability and parame-

ters tuning of a NO was analyzed using describing

function method[12]. Single NO consists of two

mutually inhibiting neurons (Fig.2-(a)). Each neu-

ron 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 (0; ufe;fgi)

� 0 _vfe;fgi = �vfe;fgi + yfe;fgi

where su�x e, f , and i mean extensor muscle,

exor muscle, and the ith neuron, respectively. ui
is the inner state of neuron; vi is a variable rep-

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

the ith neuron; yi is the output of the ith neuron;

u0 is an external input with a constant rate; Feedi
is a feedback signal from the robot, that is, a joint

angle, angular velocity and so on. u0i is constant
except for experiments of vision based adaptation

described in Section 4.. As a result, a CPG out-

puts 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 corre-

sponds to activity of exor or extensor muscle, re-

spectively.

y  = max(u , 0)e e

+

-
N_Tr

β

τ τ,

Feede

β

τ τ,

Neural Oscillator(a)

ue

Excitatory Connection

Inhibitory  Connection

uf

ve

vf

y  = max(u , 0)f f
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Figure 2: Neural oscillator as a model of a CPG.

A stretch reex in animals acts as feedback

loop[13]. The neutral point of this feedback in

upright position of a robot is � = 0, where � =

(joint angle) + �=2 in Fig.1-(b). It is known in bi-

ology that there are two di�erent types of stretch

reexes. One is a short term reex called a \pha-

sic stretch reex" and another is a long term re-

ex called a \tonic stretch reex." When we as-

sume that a tonic stretch reex occurs on the loop

between CPG and muscles, the joint angle feed-

back to CPG used in Taga's simulation[1, 2] based

on biological knowledge[14] corresponds to a tonic

stretch reex. We use such joint angle feedback to

a CPG:Eq.(3) in all experiments of this study.

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

We also assume that a phasic stretch reex occurs

on the loop between � motor neurons and muscles

locally, and use this reex in Section 2.3..

By connecting NO of a hip joint of each leg,

the NOs are mutually entrained and oscillate in

the same period and with a �xed phase di�erence.

This mutual entrainment between the NOs 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.

In all experiments of this study, only hip joints

are controlled by a 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 calcu-

lated based on Eq.(4) by using output torque of

a CPG:N Tr at a hip joint of the same leg.

desired angle = 1:7N Tr + 0:26 (4)



By the experiment using only CPGs and

tonic stretch reexes, where Feede=Feede�tsr,
Feedf=Feedf �tsr, we con�rmed that Patrush can

walk stably on at terrain. This control was al-

most same as the one proposed and used in sim-

ulation of biped walking by Taga[1, 2]. Patrush

walked dynamically with approximately 25 cm

stride, 0.8 sec. period and 0.6 m/sec. speed in

this experiment.

2.3. Walking on irregular terrain using CPGs and

Reexes

It is well known in biology that adjustment of CPG

and reexes based on somatic sensation such as

contact with oor and tension of muscle of sup-

porting legs, and vestibular sensation are very im-

portant in adaptive walking[9, 13, 15]. Although

it is also well known that activity of CPG is modi-

�ed by sensory feedback[15], the exact mechanism

of such modi�cation 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 informa-

tion, discuss about which model is better through

results of experiments, and propose physical mech-

anism of relation between CPG and reexes in

view of robotics.

(a) a CPG only involving a tonic stretch reex

(b) a CPG and reexes independent of a CPG

(c) a CPG and reexes via a CPG

By using model (a) (Fig.3-(a)), we realized dy-

namic walking on at terrain as described in Sec-

tion 2.2.. But Patrush failed in walking over

an obstacle 3 cm in height and walking up a

slope of more than 7 degrees by using this control

model[5, 7].

In model (b), we consider reexes independent

of a CPG, and sum of CPG torque and reexes

torque is output to a motor (Fig.3-(b)). By using

a phasic stretch reex, a vestibulospinal reex and

a exor reex independent of a CPG, we realized

walking up and down a slope of 12 degrees, and

walking over an obstacle of 3 cm in height[5, 7].

But following problems were pointed out:

(1) The delay of joint motion from the phase of a

CPG in walking up a slope resulted in slipping

and stamping with no progress[7].

(2) Since CPGs could not extend the supporting

phase corresponding to the extended swinging

phase caused by a exor reex, it happened

for both legs to be in the swinging phase at

the same time and Patrush often fell down

forward.

(3) Sensor based adjustments to solve such prob-

lems increased number of parameters and

made control system complicated[7].

In model (c), reexes torque is output as part of

CPG torque by feedback of all sensory information

to a CPG (Fig.3-(c)).

3. Reexes via a CPG

In this section, we consider reexes via a CPG in

response to vestibular sensation, tendon force and

contact with oor. Since these reexes may be con-

fused with such usual reexes as a vestibulospinal

reex and so on, we call reexes via a CPG as a

vestibulospinal \response" and so on.

3.1. Vestibulospinal response

Since a tonic stretch reex continues while a mus-

cle is extended, it is appropriate to adjust activ-

ity of antigravity muscles for posture control by

a tonic stretch reex utilizing the body angle de-

tected by vestibule. Therefore, the vestibulospinal

response for posture control based on vestibular

sensation is via a CPG and expressed by:

�vsr = (joint angle) + �=2� (body angle)

Feedfe;fg�tsr�vsr = �ktsr�vsr:
(5)

Since excitatory feedback signal to the extensor

neuron of a CPG in walking up a slope makes the

active period of the extensor neuron of a CPG be-

come longer, di�erence between phases of a CPG

and joint motion becomes small. In Fig.4, we can

see that the vestibulospinal response via a CPG

in walking up a slope made the active period of

the extensor neuron of a CPG and the supporting

phase of a leg be longer in comparison with those

in walking on at terrain. This means that au-

tonomous adaptability of a CPG solved the prob-

lem (1) mentioned in Section 2.3..

As a result, Patrush succeeded in walking up

and down a slope of 12 degrees by using a vestibu-

lospinal response much more stably and smoothly

without increasing number of parameters.
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3.2. Tendon response

Pearson[16] pointed out that extensor neuron of a

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 a tendon response,

which acts to complement thrusting force against

reaction force from oor in a supporting phase.

We use amount of decrease of _� of a hip joint of

a supporting leg for the tendon response instead

of the load to the ankle joint muscle. The tendon

response via a CPG on a supporting leg is gener-

ated by the excitatory feedback signal:Feede�tr to

the extensor neuron of a CPG.

Feede�tr =

�
ktr( _� + 1) ( _� � �1)

0 ( _� < �1)
(6)

Feede = Feede�tsr�vsr + Feede�tr
Feedf = Feedf �tsr�vsr

(7)

By using sensory feedback to a CPG expressed

by Eq.(7), Patrush succeeded in walking up and

down a slope of 12 degrees (Fig.4). In Fig.4, out-

put torque of the tendon response via a CPG ap-

pears as bumps onN Tr while the extensor neuron
of a 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 experiment without the tendon

response in Section 3.1., it took only 2.2 sec. in

Fig.4. This means that faster walking up a slope

was realized by using the tendon response.

3.3. 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 exor muscles are active:

[a] When extensor muscles are active, a leg is

strongly extended in order to avoid falling

down.
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Figure 4: Walking up and down a slope of 12 degrees

using feedback:Eq.(7). N Tr < 0 means the active

period of the extensor neuron of a CPG. fz < 0 means

the supporting phase of a leg.

[b] When exor muscles are active, a leg is exed

in order to escape from the stimulus.

We call [a] and [b] as an extensor response

and a exor response respectively, and assume

that phase signal from a CPG switches such

responses[15].

For the extensor response, we employ the fol-

lowing excitatory feedback signal:Feede�er to the

extensor neuron of a CPG, when reaction force

larger than threshold (fx > 1.5[Kgf]) is detected

by force sensor while the extensor neuron is active

(N Tr < 0).

Feede�er =

�
ker�vsr (�vsr � 0)

0 (�vsr < 0)
(8)

For the exor response, we employ the following

instant excitatory feedback signal:Feedf �fr to the

exor neuron of a CPG, when reaction force larger

than threshold (fx > 1.5[Kgf]) is detected by force

sensor while the exor neuron is active (N Tr >

0).

Feedf �fr = (kfr=0:12)(0:12� t) (9)



where t = 0 sec. means the instance when a leg

stumbles, and Feedf �fr is active for t=0�0.2 sec.

Finally, feedback signal to a CPG to avoid

falling down after stumbling is expressed by:

Feede = Feede�tsr�vsr + Feede�tr + Feede�er

Feedf = Feedf �tsr�vsr + Feedf �fr

(10)
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Figure 5: Avoidance of falling down after stumble on

an obstacle by using a exor response.

In Fig.5, the left foreleg stumbled on an obsta-

cle at 1.7 sec., and neuron torque of the left foreleg

(LFS.N Tr) was instantly increased by the exor

response (Fig.5-A). This exor response made the

period of the swinging phase of the left foreleg

much longer (1.4�2.0 sec.). Autonomous adapt-

ability of a CPG made the period of the support-

ing phase of the right foreleg be longer correspond-

ingly (Fig.5-B) in order to prevent Patrush from

falling down by solving the problem (2) mentioned

in Section 2.3..

3.4. Adaptation to terrain of medium degree of

irregularity

We tried to realize dynamic walking on terrain of

medium degree of irregularity, where a slope, an

obstacle and undulations continue in series (Fig.6).

By realization of such adaptive walking using con-

trol method expressed by Eq.(1) and (10) (Fig.7)

with �xed values of all parameters, we was able to

show that the control method proposed in this sec-

tion (Fig.7) has ability for adaptation to unknown

irregular terrain. The photos of walking on such

irregular terrain are shown in Fig.8 and Fig.9.

The experimental results of walking on irregular

terrain (Fig.6-(a)) is shown in Fig.10. In Fig.10,
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Figure 6: Terrain of medium degree of irregularity
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Figure 7: Diagram of actual control of a leg consisting

of a CPG and reexes via a CPG.

Patrush walked up a slope for 1�3.7[sec] with the

tendon response. For 2.8�3.2[sec], the right hind-

leg had stumbled on the slope 3 times in a swingh-

ing phase, and CPGs much extended their swing-

ing or supporting phases autonomously inuenced

by a exor response. In addition, Patrush walked

down a slope (3.7�4.9) and walked over an obsta-

cle by another exor response at 5.5[sec]. We can

see that RHS.N Tr in the next supporting phase

after those exor responses was also increased au-

tonomously by CPG and reexes in order to com-

plement necessary torque after the exor response.

(a) (b)

Figure 8: Photos of walking up and down a slope:(a)

and walking over an obstacle:(b).
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Figure 9: Photos of walking on terrain undulations.
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Figure 10: Walking up and down a slope of 12 de-

grees and over an obstacle 3 cm in height using

feedback:Eq.(10).

4. Adaptive control based on vision

Drew[17] proposed a model about the adjust-

ment of the directive signal to a CPG based on

vision(Fig.11-(a)). When we use neural oscillators

as a model of a CPG, the directive signal to a CPG

corresponds with external input to neural oscilla-

tors: u0 (Fig.2-(a),(b)). We use a simpli�ed model

(Fig.11-(b)) where u0 for each neural oscillator is

determined based on vision and there is neither au-

tomatic learning nor adaptation about motion gen-

eration at the basal ganglia and cerebellum level.

In experiments in this section, we don't use other

reex mechanisms described in Section 3. in order

to examine the ability of CPG alone.

The robot succeeded in walking up a step 3 cm

in height (Fig.12-(a)) by increasing u0 based on

the height of and distance to the step measured

by using stereo vision before start walking.

When a robot had found a marked obstacle on

the way, a robot tracked the obstacle while walking

forward and succeeded in walking over the obstacle

without collision by increasing u0 of each neural

oscillator of a hip joint one by one ((Fig.12-(b)),

vision

CPG

motor
cortex thalamus

basal
ganglia cerebellum

visual and
association

cortex

spinal cord

Vision

motor
cortex

vision and
association
cortices

NO
muscle

(a)

(b)

NO

NO : Neural Oscillator

Figure 11: The leg control mechanism of an animal for

adaptive walking. (a):a model proposed by Drew[17]

and (b):a simpli�ed model used in experiments.

Fig.13). In Fig.13, we can see that u0 of each

CPG was 5 times increased in swinging phase and

2 times increased in supporting phase in the order

of LF, RF, RH and LH, and that CPG torque of

a hip joint of each leg became large in the same

order.

About adjustment based on vision in walking

generated by CPG, Taga[18] and Lewis[19] em-

ployed reex independent of CPG. Since we con-

�rmed that adjustment via CPG is much better

than adjustment independent of CPG in Section

3., we employed modi�cation of the directive sig-

nal to a CPG referring to Drew's model. But it is

still open question that which adjustment is bet-

ter in visual adaptation of a walking robot. In

addition, learning[19] is a key issue in visuomotor

adaptation. But we have not yet employed it.

5. Discussion

5.1. What is walking using a CPG?

In order to make the role of CPG be clear, let us

consider passive dynamic walking: PDW where a

walking machine with no actuator can walk down
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Figure 12: Photos of the quadruped robot walking up

a step:(a) and over an obstacle:(b) by using vision.
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Figure 13: Result of the experiment involving walking

over an obstacle 3 cm in height by using adjustment

of external input to CPG based on vision.

a slope dynamically[20]. There is similarity be-

tween PDW and walking using a CPG in the sense

that dynamic walking is autonomously generated

on a link mechanism by external force (gravity) or

internal torque (CPG torque) as a result of inter-

action with environment. The result of compari-

son of additional gravity torque in calculation of

PDW with output torque of a CPG in experiment

of walking on at terrain is shown in Fig.14.

In Fig.14, gravity torque on a leg in PDW is re-

versed at switching of supporting/swinging phases.

This shows that walking is exactly passive. On the

other hand, switching of torque of extensor/exor

muscles occurs approx. 60 degrees in phase before

switching of supporting/swinging phases in walk-

ing using a CPG. This switching of torque of exten-

sor/exor muscles in the latter period of support-

ing/swinging phases is actually observed in ani-

mals' walking[21]. Through this comparison, we

can say that active walking using internal torque is

nothing but to switch supporting/swinging phases

actively by switching of extensor/exor torque.

0 1 2 3 4
time [sec]

-4
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-2

-1

N_Tr[Nm],
   f   [N]Z
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1
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Figure 14: Comparison of CPG torque and additional

gravity torque in passive dynamic walking.

This is the reason why active walking using a CPG

is much more stable than PDW under errors of ini-

tial conditions and disturbances.

Moreover, in dynamic walking on irregular ter-

rain, we can say that the adjustment of phases of

CPGs and active switching of supporting/swinging

phases of legs are important corresponding to de-

lay of motion caused on a slope and bumps, and

extension of phases caused by reexes CPGs are

surely superior in this function because of abilities

of mutual entrainment and autonomous adapta-

tion. This is the reason why autonomous adap-

tive dynamic walking on irregular terrain was

realized so simply in this study. As a result,

CPGs are much more useful as a lower controller

than combination of feedforward torque calcu-

lation and feedback control in the conventional

robotics method[22].

5.2. CPG and Reexes

Reexes independent of CPG had several prob-

lems as described in Section 2.3. In the case of

reexes via CPG, it was shown by experiments in

Section 3. that the period of phases of CPGs can be

appropriately adjusted autonomously by ability of

CPG for entrainment while reexes via CPG out-

put necessary torque for instant adaptation based

on sensory information. In addition, the follow-

ing results obtained in experiments using control

system expressed by Eq.(1), (10):

� several reexes via CPG coincide with each

other without improper conicts,

� adaptive walking on terrain of medium degree

of irregularity was realized with �xed value of

all parameters,



� strengthening sensory feedback to CPG pro-

motes the autonomous adaptability of walk-

ing,

showed that the simple control method using neu-

ral system model (Fig.3-(c), Fig.7) has ability for

adaptation to unknown irregular terrain.

6. Conclusion

By referring to the neural system of animals, we

integrated several reexes, such as a stretch re-

ex, a vestibulospinal reex, and extensor/exor

reexes, into a CPG. In the case of reexes via a

CPG, it was shown by experiments that the active

periods of exor and extensor neurons of CPGs

could be appropriately adjusted autonomously by

ability of CPGs for entrainment, while reexes via

a CPG output necessary torque for instant adapta-

tion based on sensory information. The success in

walking on terrain of medium degree of irregularity

with �xed parameters of CPG and reexes showed

that the biologically inspired control method pro-

posed in this study has an ability for autonomous

adaptation to unknown irregular terrain. It was

also shown that principles of dynamic walking as a

physical phenomenon are identical in animals and

robots in spite of di�erence of actuators and sen-

sors. 3D dynamic walking on 3D irregular terrain

is one of the next challenges this study aims for.
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Abstract

This paper presents an adaptive control scheme for the
four legged walking machine BISAM. The task of the adap-
tive control is to learn sensor based reflexes for posture con-
trol. For this purpose, an incremental learning scheme is de-
veloped based on reinforcement learning. For the planned
trajectory of the CoM the data taken from a goat are chosen
as a basis, to investigate the transfer potential of biological
locomotion to machine motion at this control level.

1. Introduction

Online learning methods for legged robots are inves-
tigated to enlarge the flexibility and the adaptivity to
different environments, but their use on real walking
machines is very complicated due to the high com-
plexity of such robots and only in a few approaches
realized. In [8] the leg coordination of a simple six
legged walking machine is learned, in [5] the coordina-
tion of different behavior controllers for a four legged
walking machine is learned. [1] and [7] show two ap-
proaches for online learning of biped robots are pre-
sented in which the control architecture consists of pe-
riodic central pattern generators and peripheral con-
trollers for behaviors like posture control. All these
approaches show that an appropriate representation of
the control problem is crucial for an efficient and suc-
cesful learning process a point that also account the
security requirements of real robots.

2. The Walking Machine BISAM

BISAM (Biologically InSpired wAlking Machine)
consists of one main body, four equal legs and a head
(figure 1). The main body consists of four segments,
which are connected by five rotary joints. With the five
active degrees of freedom of the body, namely rotation
of shoulder and hip, the body supports the stability and
higher flexibility in uneven terrain. Each leg consists

of four segments, that are connected by three paral-
lel rotary joints and attached to the body by a fourth.
The joints are all driven by DC motors and ball-screw
gears. The height of the robot is 70 cm, its weight
is about 23 kg. A more detailed description of the
mechanical construction and the hardware architecture
can be found in [2].

Figure 1: Photograph of the quadrupedal walking machine
BISAM in mammal-like position. Due to the five active de-
grees of freedom in the trunk and the ability to rotate the
shoulder and pelvis, the machine realizes key elements of
mammal-like locomotion.

3. Control Approach

Based on a classical robotic approach, to determine the
joint trajectories by inverse kinematics and pregiven
body motion and foot trajectories a statically stable
walk (� = 0:8) and a dynamically stable trot (� = 0:6)
is realized. Special charateristic of the motion is the



hip and shoulder movement, which realize an increase-
ment of the step length.

By analysing this movements following problems
have been identified:

� Because of the small feet of BISAM the ZMP-
Criterion [9] is not fully adequate for the opti-
mization of movements.

� The movements of BISAM are highly dependent
of the load on the machine (camera head, internal
PC) and the initial position of CoM.

� In dependency of the machine configuration all
working points have to be tuned manually

Figure 2: Small Support Area for dynamically stable move-
ments of BISAM.

During animal-like motions with extended excur-
sions not only of the limbs, but with also intense move-
ments of the spine, no simple stability-criterion is de-
finable taking into account the influences of load distri-
bution and initial posture effects. The virtual-leg-mode
does not yield closed solutions. A dynamic forward
model of the machine at present lacks sufficient infor-
mations on the non linear-effects describing the behav-
ior of drive and sensors.

Caused by the described problems we choose the
strategy to determine a planned trajectory for the CoM
and to learn adaptive reflexes which realize the correc-
tions of the guidance of CoM based on the signals of
the foot sensors.

For the modelling of the planned body trajectory,
we do not use an analytical optimization criterion but
we investigate the use of pregiven CoM-trajectories,
which are observed from mammals.

4. Analysis of CoG Trajectory

The CoG Trajectory is analysed in to components on
the base of the foot sensors according equations 1, 2

and figure 3.
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Figure 3: Illustration of the parametersSCMX andSCMY

for the sensor based measurement of the COG based on the
foot sensors.
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(1)

SCMY =
FFR + FRR � (FFL + FRL)P

Fxy2F
Fxy

(2)

A typical CoG-Trajectory for a trot with�=0.6 is
shown in figure 4.

The description and adaption of the gait on the hand
of the CoG-Trajectory have two main advantages:

� The description and of the gait on the hand of the
CoG-Trajectory is apprpiate, because the move-
ment experiments show that a right position of the
CoG is an fundamental requirement for executing
accurate movements

� This representation allows small input and output
dimension for the neural networks presented in
the next section

5. Learning of reflexes for posture con-
trol

For the online learning of the sensor based reflexes for
posture control a reinforcement learning method [6]
based on an actor/critic approach similar to the SRV-
Algorithm [4] is used. This algorithm consists of a
critic element which renders an internal evaluation of
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Figure 4: Illustration of a CoG-Trajectory gained by executing a trot with�=0.6. The CoG-Trajectory with the components
SCMX andSCMY in dependence of the gait phases can be seen.

the actual state and action elements which determines
the next control values. In each control step an adapta-
tion of both components by the TD(�)-algorithm takes
place.

The state space representation used by the learn-
ing method is incrementally constructed with self-
organizing RBF-networks. The RBF-net builds local-
ized receptive fields which divide the input space into
regions of limited size thus allowing localized learning
of a function within the boundaries of such a region.
This property makes RBFs a suitable tool for online
function approximation. In [6] a method is described
by which the topology of the RBF network can be con-
structed according to the learning task.

A critical aspect for online learning processes is the
problem modelling with the state and action space. We
choose the the level of posture control to realize an
adaptive component,

Based on this learning method a learning architec-
ture for incremental learning of the following posture
control aspects is developed (Figure 5).

� search for appropriate initial positions

� defined translations of CoM

� adaptive posture reflexes

6. Outlook

Our future work is analyse, in which way the CoG-
Trajectories of BISAM can be compared with trajecto-
ries of small and medium-sized mammals. Another in-
teresting question is, to which extend rules can derived
from the analyses of the mammals for the locomotion
of BISAM.

The biological paragon is derived from a huge kine-
matical and dynamic data base taken on 14 species of
small and medium-sized mammals [3]. Techniques
applied to determine kinematics were cineradiogra-
phy (150 frames/sec), high-speed-video (up to 1.000
frames/sec) and marker-based motion analysis (up to
1.000 frames/sec). Ground-reaction forces GRF were
taken using Kistler force-plates. The trajectory of CoM
in several gaits was derived by two methods:

� ”’balancing”’ of a multi-segmental model fitted
into the outlines of the animal. The triangular fi-
nite elements were weighted by mass data taken
from dissected cadavers or CT-, MRI- or surface-
light laser scans.

� Integration of GRF.

After matching of these data representative points for
CoM could be derived. Since the deformations of the
body stem are the less the larger the animal is, as a
paragon for the control of BISAM the trajectories of
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CoM of two sub-species of goats were chosen. The
kinematical data provided contained informations on
the motions of the CoM and the hoofs in walk, trot and
bound.

7. Conclusion

The aim of this work is to investigate, to which ex-
tend biological data on trajectories of the CoM from
mammals can be used as basis for a four-legged walk-
ing machine. To adapt this planned motion to differ-
ent circumstances, posture control reflexes are learned
with an online learning method based on reinforcement
learning.
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Abstract

This paper presents some examples of stabilization of pe-
riodic motions. First, the juggling motion controlled by a du-
plicated simple controller and neural oscillators is discussed.
Next, the bipedal stepping motion of the human like lower
body and trunk model is discussed. In this model, the step-
ping motion was accomplished with neural oscillator and
simple posture controllers. At the last part, biped walking
of a simple compass like model is mentioned with relation to
juggling.

1. Introduction

Many researches have been conducted on the Stabiliza-
tion of periodic motions.

The most typical of such motion is of Walking. Dy-
namic periodic stepping motion of stilts type biped
model mainly controlled in the frontal plane was taken
up and experienced[1]. Stabilizing biped system using
limit cycle stability of non-linear van der Pol’s equa-
tion appeared almost same time[2]. On the other hand,
passive(neither actuated nor controlled) walker ma-
chine was demonstrated and it accomplished bipedal
walking only by using human body physical dynamics
[3]. Hopping type walking(running?) machine from
mono-pod to quardruped are produced and demon-
strated with high gymnastic potentiality[4]. Biologi-
cally inspired neural oscillator control is proposed and
human like biped walking simulation was shown [5].

The other typical example of dynamic(can’t stop)
periodic motion is Juggling. There has been prece-
dent research(ping-pong robot) which was not clas-
sified strictly as periodic control but as rapid mo-
tion control[6]. For juggling, ‘mirror algorithm’ was
proposed and spatial two balls by one hand jug-
gling was accomplished[7]. On the contrary, open
loop stable juggling strategies were proposed and
demonstrated[8].

The characteristics of these systems can be de-
scribed as follows:

� The transition of the states is mainly Ballistic.

� The structure of the system is time-varying.

� The control input can only affect the states transi-
tion of the system for a restricted duration.

Conventional control methods are in many cases nei-
ther effective nor natural for these type of systems, but
sometimes the characteristics of these systems (from
conventional point of view) can be fitted with some
special heuristic control law and can accomplish tasks.
However, heuristic control laws for such systems are
difficult to derive.

2. Juggling

We constructed a robot juggling(padding) system for
the research of dynamical periodic stability [9]. That
was mostly inspired by Schaal’s open loop juggling
machine[8] and the Taga’s biped walker[5]. The con-
trol of motion was purely performed by neural oscilla-
tors.

A brief description of the neural oscillator is given
in Section 2.1. The design method for our controller
is presented in Section 2.2. An example using this
method is presented in Section 2.3. The result of this
system is presented in Section 2.4.

2.1. Neural oscillator

One neural oscillator is represented two sets of mutual
inhibited adaptive(fatigue) neural elements.

�1 _x1 = �x1 � �f(v1)� f(x2) + u0 + uf1

�2 _v1 = �v1 + f(x1)

�1 _x2 = �x2 � �f(v2)� f(x1) + u0 + uf2

�2 _v2 = �v2 + f(x2)

f(x) = max(x; �)

wherexi are the state values,�i are the time con-
stants,u0 represents constant input, andufi are feed-
back inputs, is connection weight and� represents
the adaptive strength.f(x) is the threshold function.



The important characteristics of neural oscillators is
their ability to entrain to an incoming frequency. The
self-excited oscillation of the neural oscillator is syn-
chronized to certain frequency range of oscillation in-
putufi[5].

2.2. Designing of the controller

The derivation of the juggling controller can be divided
into three basic steps:

1. Measuring the restitution coefficient of the paddle
and calculating the stable nominal frequency and
amplitude of the paddle.

2. Providing a simple feedback input (for the latter
neural oscillator), that works only at the hitting
instance.

3. Tuning neural oscillator to generate the nominal
frequency and amplitude oscillation pattern.

Each step has the role as follows:

1. Finding the suitable trajectory of the state transi-
tion that will allow a stabilize the system by itself.

2. Keeping the states of the system to the neighbor of
the stable trajectory, while the states can be con-
trolled. Therefor, it works as a local (short term)
controller.

3. Preserving the phase difference structure of the
states of the system. It works as a global (long
term) controller.

2.3. Example of the controller

The following is an example of neural controller sys-
tem in one ball and one paddle padding case:

1. decide the object ball height and the hitting phase
adequately(about�=4[rad] phase before the pad-
dle top position) and derive the nominal sinu-
soidal wave trajectory of the paddle.

2. add local feedback for regulate the hitting speed
and adjust the parameters of it adequately.

3. tune neural oscillator parameters to fit the nomi-
nal sinusoidal wave.

The equations of the local controller is as follows:

vbd = �
p
2ghd

vad = (1� e)=(1 + e) � jvbdj

ks = k � d=(d4 + �)

uf1 = ks(kah(vad � va) + kbh(vb � vbd))

uf2 = �uf1

wherevb,va,vbd andvad represent the velocity and
desired velocity of the ball and the arm, respectively.
hd is the desired top height of hit ball.e is the restitu-
tion coefficient of the arm paddle.d represents the dis-
tance between the ball and arm.k and� are constants.
ks means feedback intention scaling coefficient.kah
andkbh are the feedback gain constants.g is the grav-
itational acceleration.ufi is the feedback input to the
neural oscillator.

2.4. Result

We show the one of the results.
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Figure 1: Juggling(padding) with perturbation

On this simulation, we gave perturbations as the
fluctuation of the restitution coefficient of the pad-
dle. The open loop wave generator cope with up to
�0.18% range uniform random perturbation. On the
contrary, the combination of local and global controller
could stabilize up to�6.15%range. That means the
controller expanded the stable basin about 34 times.
This result does not mean to impair the value of open
loop control method. It prepared the seed to growth.
This result is an evidence that the combination of the
open loop controller and the neural oscillator has good
power.

M. Williamson also analyzed neural oscillator for
juggling using the describing function method[10].

3. Stepping

We constructed three dimensional bipedal stepping
simulation to prove that adequate interaction and
coupling of physical system with neural dynamics
produces various behaviors and yield robustness of
motions[11].

The three dimensional simulation was an extension
of the sagittal two dimensional biped simulation [12].

3.1. Model and controller

The robot model for the simulation is showed in Figure
2. It has a human like biped lower body, but the upper
body is simplified to one link. The length and mass of
each link correspond to that of humans[13]. The sole
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is a set of 4 contact points.

The neural controller is mainly divided into two
parts. One is the stand posture controller and the
other is rhythmic motion generator and controller that
is constructed by the neural oscillators. These two con-
trollers work in parallel.

The posture controller is a simple PD(Proportional
and Derivative) type regulator, and it works on the im-
mediate upper link of each joint standing straight. The
posture controller has some inhibit connection from
the neural oscillators, that is to ease the fixation of the
posture controller for leg bending, allowing rhythmic
stepping motion controlled by the neural oscillator.

The rhythmic motion generator and controller is
structured by three neural oscillators as shown in Fig-
ure 3 [11]. One oscillator corresponds to the waist
swing in the frontal plane, and the other two are as-
signed to each leg for reciprocal bending. These neu-
ral oscillators are connected together to keep adequate
phase differences of the stepping motion.
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left right
leftright
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Figure 3: Connection between the leg and the waist oscilla-
tors

3.2. Result

The system states move on a stable periodic trajectory.
For investigating the stable basin, we added various
magnitudes of impact, like perturbation force at vari-
ous times. Figure 4 shows the stable basin of the trunk

in the frontal plane. For comparison, we also show the
open loop unstable case for the same perturbations.
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Figure 4: Phase plot of the stability domain(left) and without
control(right).

Figure 5 (two rows of left to right sequence in a se-
ries)shows the stick figures of the biped facing in the
right direction in the view point of the right front upper
position. We added perturbation force on the trunk to
the forward direction on the upper row third and fourth
pictures. That perturbation caused consequent stronger
stamp of the left foot and one step forward motion of
right foot which was not programmed to do so. This
shows the inherent physical stabilization dynamics of
the human body.

Figure 5: Snapshots of perturbed step motion.

The robot continued the stepping motion with
slight motion pattern change, in another perturbation
cases(on a slope, waving board and rough terrain).

Neural oscillator base locomotion control is also
done by Hase[14] and Kimura[15]. Hase constructed
a human whole body model including upper limb and
muscle actuators and used genetic algorithms for pa-
rameter tuning. Kimura research is based on neural
oscillator control of a real physical quadruped robot.

4. Walking

In our current work, we have based our research on the
work of passive bipedal walking of [16].

The characteristics of walking and juggling have
something in common as mentioned above. Those
points pose the question: could open loop control like
Schaal’s juggler[8] be possible on the bipedal locomo-
tion?

Our biped model is almost the same as the compass-



like point foot biped robot[17] except leg length
change.

Figure 6: Model of a Compass-like Biped Robot

By setting the leg expansion and contraction sinu-
soidal frequency 3 times higher than the free motion
frequency of the leg swing, this model can walk on a
level plane, but the trajectory which we now have is
unstable. To get the adequate parameter set and the
motion pattern for stable walking is our future work.

Figure 7: Stick Picture of Open-Loop Walking to the Right

5. Summary

We summarize the results of these case studies as fol-
lows.

� It is efficient to use self stabilize mechanism (if it
was)of the system as a base.

� The entrainment characteristics of the neural os-
cillator expands the provided stable basin.

� Interaction between physical and neural system
through entrainment generates various motions.
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Abstract 

Sensorimotor integration and coordination is an impor-
tant issue in both biological and biomimetic robotic sys-
tems. In this paper, we investigate a ubiquitous case of 
sensorimotor coordination, the synchronization of 
rhythmic movement with an external rhythmic sound 
signal, a signal that, however, can change in frequency. 
The core of our techniques is a network of nonlinear os-
cillators that can rapidly synchronize with the external 
sound, and that can generate smooth movement plans 
for our robot system, a full-body humanoid robot. In 
order to allow for both frequency synchronisation and 
phase control for a large range of external frequencies, 
we develop an automated method of adapting the pa-
rameters of the oscillators. The applicability of our 
methods is exemplified in a drumming task. We demon-
strate that our robot can achieve synchronization with 
an external drummer for a wide range of frequencies 
with minimal time delays when frequency shifts occur. 

1. Introduction 
 
The coordination of movement with external sensory 
signals is a mode of motor control found commonly 
in the daily behaviors of humans, e.g., as in dancing, 
synchronization of locomotion with other humans, 
playing music, marching in a parade, playing with 
balls, etc. In our work on humanoid robots, we are in-
terested in equipping autonomous robots with similar 
sensorimotor skills. Traditional methods of trajectory 
planning and execution, however, are not always well 
suited for such sensorimotor coordination. Movement 
planning in robotics is mostly performed offline by 
using optimization approaches or other complex 
planning techniques. In a stochastic environment with 
quick dynamic changes, such planning approaches 
cannot adapt fast enough to changes in the environ-
ment, and often it would also be unclear what plan-
ning criteria to use for complex movement skills as 
described above ([1]). 

In contrast, a framework for movement 
planning that facilitates sensorimotor coupling can be 
adopted from work on biological pattern generators 
([2]). From a formal point of view, pattern generators 
are nonlinear dynamical system with attractor dynam-
ics that encodes a robust accomplishing of a task goal. 
For limb control, pattern generators have been sug-
gested as a method for movement planning: the pat-

tern generator, a set of nonlinear differential equa-
tions, creates a desired trajectory that is subsequently 
converted into motor commands ([3-5]). Sensory in-
formation is directly coupled into the pattern genera-
tor and can modify the desired movement plan on-
line.  

So far, pattern generators for movement 
planning have just started be used in robotic motor 
control, mostly hampered by the complexity entailed 
in manipulating nonlinear dynamical systems. In this 
paper, we will explore pattern generators for syn-
chronization with an external stimulus. We propose 
an approach to rhythmic arm movement control based 
on exploiting the attractor dynamics of nonlinear os-
cillators (Figure 1). In the next section, we will first 
introduce the idea of neural oscillators for synchro-
nized drumming and, subsequently, develop our os-
cillator network for this task. We illustrate the feasi-
bility of our methods with a humanoid robot at the 
end of the paper and compare its performance to data 
collected from human subjects. 

2. Synchronized Drumming 
 
A sketch of the drumming task that we will investi-
gate is shown in Figure 1: a human drummer provides 
a rhythmic input pattern, and the robot is to follow 
this pattern as closely as possible, i.e., as synchro-
nized as possible and without phase lag. In general, 
neural oscillators have excellent capabilities of syn-
chronizing with external input signals (e.g., [6-8]), 
and depending on the choice of the oscillator equa-
tions, robust synchronization can be accomplished 
over a large range of frequencies ([9, 10]). However, 
synchronization breaks down when the input signal 
deviates too much from the oscillator’s natural fre-
quency. Additionally, the phase lag between the os-
cillator and the input increase the more the input de-
viates from the natural frequency. For synchronized 
drumming, such phase lag results in an inappropriate 
“echo-like” performance. As a last point, synchroni-
zation between the input and the oscillator needs to 
happen rather fast, i.e., long transients as observed in 
some studies (e.g., [7]) can not be tolerated in drum-
ming. From these viewpoints, entrainment dynamics 
between the oscillator and the input are a core ingre-
dient for robust performance, but additional tech-



niques will be required to ensure zero phase lag, 
minimal transients, and wide frequency range appli-
cability. In this paper, we adopted a simple parameter 
tuning method in an oscillator model to achieve these 
goals. 

Matsuoka ([9, 10]) proposed a mathematical 
model for mutual inhabitation networks that can gen-
erate oscillatory output, and whose parameterization 
is well suited for automatic parameter adaptation. 
Equations 1 and 2 provide the core equations of 
Matusuoka: x is the membrane potential of a neuron, 
s is a tonic input, Tr and Ta are the time constants, 
Wij is the connecting weight from the jth neuron to 
the ith neuron, b is a coefficient of an adaptation ef-
fect, and f is the inner state of the neuron. We add the 
term pulse to Equation 1 as a sensory input and de-
fine the output of the oscillator described by Equa-
tions 1 and 2 as Equation 3 note that only two neu-
rons are need to generate oscillations.  
 

Tr
dxi
dt

+ xi =− wij
j= 0, j≠i

n−1
∑ y j −bi fi + si + pulse  (1) 

Ta
dfi
dt

+ fi = yi , yi=
xi (xi≥0)
0 (xi <0)

  
 

 (2) 

 
g=(Max(0,x0 )− Max(0,x1))  (3) 
 

The natural frequency of Matsuoka's oscilla-
tor is determined by the two time constants Tr and Ta. 
According to Williamson ([8]), if these time constants 
are changed with a constant ratio, the oscillator pro-
duces a signal with a similar waveform, with almost 
the same amplitude, but different frequency. Thus we 
define Ta as Tr multiplied by a constant coefficient. 
In our method, the time constants Tr and Ta will be 
modified according to the period of the input signal to 
produce an output with minimal phase lag. We addi-
tionally adopt a technique to control not only the fre-
quency but also the phase of the oscillator to cancel 
phase lags due to signal processing delays, as ex-
plained in the next section. 

3. Oscillator Drumming 

3.1 System configuration 
Figure 2 shows the configuration of the proposed sys-
tem for robot drumming using neural oscillators. 
There are multiple oscillators, and we divide the 
function of the oscillators into two roles, i.e., the pro-
duction of a synchronized signal and the generation 
of a stable smooth desired trajectory. The complete 
system is composed of four parts. The first one is the 

 
Figure 1: Robot drumming by neural oscillators 

sound preprocessing system. The second is the wave 
generator for producing a wave that is synchronized 
with an external input signal. The third system is the 
phase shifter to compensate for delays from the sen-
sor preprocessing and response times of the robot ac-
tuator. Together, the latter two systems produce a 
zero-phase-synchronized signal. The last part of the 
control system is the oscillator-based trajectory gen-
erator where each joint is equipped with a neural os-
cillator for generating desired trajectory plans. 
 

3.2 Sound preprocessing system 
In the sound preprocessing system, a sound signal, as 
a sensory input from the outside, is acquired by an 
electronic condenser microphone, and the envelope of 
the input signal is extracted by a simple integration 
circuit. Then, the sound signal is converted to digital 
by an A/D converter with 12 [bit] resolution and 480 
[Hz] sampling. Butterworth filtering with a cut off 
frequency of 40 [Hz] applied to the input signal 
eliminates high-frequency noise. 
 

3.3 Sync. signal generator 
The main role of the sync. signal generator is to cre-
ate a smooth oscillation that is synchronized with the 
sound signal and has zero-phase lag. The system is 
composed of three parts and the functions of these 
parts are: i) generation of a synchronized signal with 
a neural oscillator, ii) extraction of the sound period, 
and iii) calculation of the phase difference between 
the oscillators wave and the sound signal.  

The period of the sound signal is calculated 
by measuring the peak-to-peak interval of the sound. 
Peak detection is obtained from a 5 point-moving av-
erage method for smoothing the signal and then look-
ing for a peak within the last three sampling points. 
The extracted sound period, tp, is subsequently 



 
Figure 2: Configuration of a robot synchronized drumming 

system 

converted into appropriate time constants Ta and Tr 
using the following equations. 
 
Tr =tp*0.1309+0.0007819+ fdiff*0.002  (3) 
 
Ta =Tr *2.0 (4) 
 
The first two terms of equation (3) are a simple linear 
calibration line that maps tp into a corresponding Tr. 
The slope and intercept were determined empirically 
from Matsuoka’s oscillator equations (1-3). Equation 
(4) just reflects that Ta is in constant ratio to Tr, as 
mentioned above. The term fdiff in (3) is needed for 
the phase adjustment and explained next. 

Using the time constants Ta and Tr, the Ma-
tsuoka oscillator in the Sync. Signal Generator creates 
a synchronized oscillation with the sound, but there 
may be a phase offset. This phase difference can be 
calculated from the sound signal and the generated 
pulse. First, a Butterworth high-pass filter with a cut-
off frequency of 0.5 [Hz] is applied to the sound sig-

nal to remove the DC component. Afterwards, the fil-
tered signal is multiplied with the signal of the oscil-
lator. Then, a Butterworth low-pass filter is applied to 
the resultant product. The cut-off frequency of this 
low-pass filter is defined manually to achieve smooth 
and fast synchronization. This filtered signal is the 
phase difference, fdiff used in Equation (3). The 
method of extracting the phase in the given way cor-
responds to the Phase-Locked Loop method of elec-
trical engineering. 

It should be noted that the Matsuoka oscillator 
in the Sync. Loop also uses recurrent feedback onto 
itself. Empirically, this recurrent feedback helped to 
improve the performance of the Sync. Loop. How-
ever, this feedback loop can be avoided by re-
parameterizing the Matsuoko oscillator, which we 
will do in future work. 
 

3.4 Phase delay compensator 
To compensate for delays from the information proc-
essing of the sensory input and the response time of 
the actuators, we apply a phase delay compensator to 
the output pulse from the Sync. Signal Generator. 
This compensator is a serially connected Matsuoka 
oscillator. The time constants for this oscillator are 
set similarly as in Equation (3), however with a small 
offset Toffset as shown in Equation 5. Toffset, is 
tuned to eliminate information processing delays and 
needs to be determined experimentally. Then, the ad-
justed pulse is led to other serially connected Matsu-
oka's oscillators to trim the waveform. This step is 
needed in order to filter out undesired distortions in 
the waveform of the adjusted pulse. We basically ex-
ploit the ability of Matsuoka oscillator to achieve 
zero-lag phase coupling with each other, and use 
them a special kind of low-pass filter. Thus, a dis-
torted wave, run through several synchronization 
steps with additional oscillators, uncovers the original 
waveform of the Matusoka oscillator, but retains the 
phase of the distorted wave. The time constants of the 
oscillator for the trimming are set to their correspond-
ing values in the frequency of the input sound signal 
 

′ T r =tp*0.1309+0.0007819+Toffset  (5) 

3.5 Trajectory generator 
Every joint angle is represented by one Matsuoka os-
cillator ([5]), synchronized by wave coming out of 
the Phase Delay Compensator. In order to generate a 
smooth trajectory for each joint, we regard the output 
signal of each oscillator as a desired angular velocity 
command. The desired angular acceleration and posi-
tion are calculated from the angular velocity by using 
numerical differentiation and integration, respectively. 
Integration of the velocity signal requires a feedback 



term to obtain stability of the angular position. Equa-
tions (6-9) demonstrate how this stability can be 
achieved. We add a feedback term, d, to the oscilla-
tor's output in (6). The term d is calculated by Equa-
tion 8 at every moment of impact between drumstick 
and drum. Pbottom is the deviation between the de-
sired joint angle at impact (i.e., at the maximal posi-
tion of the oscillatory wave) and the angle achieved at 
each impact time Pgain and Igain are constants to 
adjust the feedback effect.  

The output of the trajectory generator is fi-
nally transformed into a motor command that actuates 
the robot's joints. Since the magnitude of the output 
signal of the trajectory generator is not related to any 
physical quantity, it needs to be multiplied by a coef-
ficient Amp to be scaled to an appropriate desired an-
gular velocity as shown in Equation (6). The joint an-
gle is calculated by numerical integration and then 
added a constant value, pose, as Equation (7) shows 
to maintain a suitable drumming posture. 

 
V =Amp*(Max(0,x0)−Max(0,x1))− d  (6) 

 
P= Vdt∫ + pose  (7) 
 
d= Pgain*Pbottom +Igain*c  (8) 

 
c=c+ Pbottom   (9) 

4. Experiments 

4.1 Human drumming experiment 
4.1.1 Human drumming 
In order to obtain data to compare robot and human 
drumming, we have examined the drumming move-
ments of a human drummer with a special motion 
capture device, a Sarcos Sensuit [SARCOS Research 
Corp.]. The Sensuit measures the whole body move-
ments of human subjects in joint angular coordinates. 
In our experiment, the human subject grasped a 
drumstick equipped with an acceleration sensor at the 
tip of the stick, and hit a snea drum placed directly in 
front of the body. A computer generated a periodic 
beep signal for the subject to synchronize. The sub-
ject was asked to keep the drumming frequency the 
same as indicated by the beeps. The sampling fre-
quency of Sensuit was 100 [Hz]. The period of the 
subject’s drumming was computed from the accelera-
tion sensor on the drumstick. 

The results of this experiment demonstrated 
that subjects mainly used the elbow joint to generate 
drumming movements. Figure 3 shows an observed 
drumming trajectory of the subject's elbow where the 

beep frequency changed at 17.25 [sec.]. The upper 
graph of Figure 4 shows the corresponding drumming 
period. The small circles on the graph indicate the 
timing of beeps, while the vertical lines indicate the 
time of impact of the human subject. The solid line 
displays the period of drumming of the human subject. 
The bottom graph of Figure 4 shows the time differ-
ence between the time of beep and the corresponding 
time of impact of the human subject. 
 

 
Figure 3: Elbow's trajectory of human subject 

 
Figure 4: Drumming period and ability to synchronize with 

the  a changing beep frequency 

As can be seen in these figures, humans are 
generally perfectly synchronized with roughly zero 
phase-lag when the external beep has constant fre-
quency�the average phase offset of drumming was 
less than 20 [msec.]. At an unexpected change of fre-
quency, as shown at 17.25 [sec.] in the graphs, the 
subject's drumming period undergoes a transient and 
stabilizes after about 2 seconds at the new drumming 
frequency. Subjects generally preferred drumming 
periods between 0.2 [sec.] or 0.5 [sec.]. Larger peri-
ods are possible but showed significantly more vari-
ance in the phase fluctuations 
 



4.2 Robot Drumming 
4.2.1 Robot Setup 
The robot used in the following experiments is a full 
body humanoid robot developed by SARCOS Re-
search Corp., USA (Figure 6). The robot has two 
arms, two legs, a torso, and a head with a binocular 
vision system, resulting in a total of 30 hydraulically 
activated degrees of freedom (DOFs). The height of 
the robot is approximately 1.85 [m] and its weight is 
80 [kg]. The robot’s neck has three DOFs and the 
binocular vision system mounted on the head is 
equipped with four cameras, one wide angle and one 
focus camera for each eye, to mimic the foveal vision 
of human eyes. Each eye has a pan and tilt DOF. The 
arms have seven DOF like human arms. Legs can 
only perform planar movements with three DOFS per 
leg. The robot’s trunk has also three DOFs. Every 
DOF is equipped with a position sensor and a load 
sensor except for the DOFs of the camera systems, 
which have only position sensors. Linear and rotary 
hydraulic actuators control the joints. Due to the con-
trol out of a torque loop based on the load cells in 
each joint, all DOFs of the robot are very compliant 
(except for the eyes). The robot runs out of a hydrau-
lic pressure of approximately 0.45 [MPa]. A four-bar 
linkage pivot stand it attached to the robot’s pelvis 
and prevents the robot from falling over laterally. A 
counter weight is equipped at the opposite side of the 
four bar linkage to cancel some of the weight of the 
robot. 

The robot’s control system is composed of 
four CPUs in a VME bus (PowerPC 233MHz, 64MB 
RAM), and D/A, A/D, and AJC (Advanced Joint 
Controller) cards. AJC cards are special purpose ana-
log signal conditioning cards that drive the hydraulic 
valves, collect sensory information, and communicate 
with the VME bus. A color vision system, QuickMag 
(OKK Inc.), provides information about 3D color-
coded objects to the robot from a static stereo camera 
system attached to the ceiling of the laboratory. An-
other image processing system is connected to the 
binocular vision system of the robot. All CPU cards 
of the robot manage different tasks, e.g., feedback 
control, signal I/O, feedforward control, movement 
planning, etc. For the following experiments, the ro-
bot was run out of a compute-torque controller. The 
CPU cards run the real-time operating system 
VxWork (WindRiver Corp.). 
 
4.2.2 Synchronized Robot Drumming 
Figure 5 illustrates the configuration of the humanoid 
robot system for the drumming task. A snea drum 
was placed in front of the robot, and, similar as in the 
human experiments, the drumming timing of the ro-
bot was measured from a shock sensor mounted on  

 
Figure 5 Humanoid robot system 

 
Figure 6 Photograph of our humanoid robot 

the drum’s surface. A drumstick was attached to the 
robot's right hand. The trajectory generator produced 
desired trajectories for the right elbow and wrist ab-
duction/adduction joint to achieve human-like drum-
ming motion. 

Figure 7 shows a sound input signal captured 
by the microphone, the output of the shock sensor, 
and position and velocity trajectories for the elbow 
during a typical run of the system. An electric metro-
nome was used to create an accurate rhythmic sound 
signal. The rising edge of the sound signal coincided 
well with the rising edge of the shock sensor's output, 
demonstrating that the proposed system can generate 
a stable drumming trajectory that is synchronized 
with the sound. We also confirmed that the system 
can generate drumming trajectories in a wide period 
range from 0.2 [sec.] to 0.5 [sec.]. 

Figure 8 illustrates the accuracy and stability 
of the drumming period by the proposed system. The 
upper graph is a sound signal captured by the electric  



 
Figure 7 Example trajectory generated by our robot drum-

ming system 

 
metronome. The next graph shows the extracted pe-
riod of the sound signal. The third graph shows the 
period of drumming generated by the robot. The bot-
tom graph shows the time difference between the ris-
ing edge of the sound signal and the rising edge of the 
shock sensor's output. The interval of the electric 
metronome was 0.4 [sec.] in this experiment. In this 
experiment, the motor command was suppressed dur-
ing the first 10 seconds due to transient behavior of 
the oscillator startup. After 10 [sec.], the system 
could follow the sound input very well and had only 
about 22 [msec.] average phase delay. 

Figure 9 shows the following capability of 
the system if the period of the sound input changed. 
The upper graph shows a sound signal from the elec-
tric metronome. The next graph indicates the robot’s 
drumming period. The third graph shows the time dif-
ference between the impact time and the rising time 
of the sound input. The bottom graph shows the el-
bow's joint trajectory. The metronome created a 
sound signal with a period of 0.4 [sec] in the first 
phase. At some point, the metronome was stopped 
and then restarted with a shorter period. The robot 
followed this change in drumming frequency imme-
diately and adjusted the phase of drumming within 
about 3 [sec.]. 

Figure 10 shows the following capability of 
the system for drumming sounds generated by a hu-
man drummer. The upper graph indicates a sound 
signal of the human. The second graph shows the  

 
Figure 8 Accuracy and stability of drumming intervals 

 

 

Figure 9 Following capability of our drumming system 

 
elbow joint's trajectory of the robot. The third graph 
shows the period of the sound signal. The bottom 
graph shows the time difference between the impact 
time and the rising time of the sound input, identical 
to the case above. Although the human drummer 
changed the drumming period from about 0.2 [sec.] to 
0.5 [sec.], the robot was able to follow the drumming 
sounds without any problems. 
 



Figure 10 Following capability for drumming sounds gen-
erated by a human drummer 

5. Conclusion 
 
This paper presented a way of achieving rhythmic 
movements that are synchronized with an external 
sensory signal. At the core of our system, neural os-
cillators produced a synchronized signal with zero 
phase-lag and generated the desired drumming trajec-
tories for a humanoid robot. Our system was able to 
synchronize with an external drummer in real-time 
and showed similar performance as measured from 
human drumming. Our method can handle several 
kinds of periodic input signals, like sound, force, and 
visual stimuli. In the future, we will extend our 
method to handle the coordination of multiple joints, 
multiple limbs, and even wider range of input signals. 
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Abstract

Understanding biological control of locomotion requires not only good models of the neural mecha-

nisms of pattern generation, but also of the interaction of these neural circuits with the body. In this

article, we investigate the neural mechanisms underlying the locomotion of the salamander, an animal

capable of both aquatic and terrestrial locomotion. A 3D biomechanical simulation of the salamander's

body is developed whose muscle contraction is determined by a locomotion controller simulated as a

leaky-integrator neural network. While the connectivity of the neural circuitry underlying locomotion in

the salamander has not been decoded for the moment, the neural circuit designed in this article has a a

general organization which corresponds to that hypothesized by neurobiologists for the real animal. In

particular, the locomotion controller is based on a body central pattern generator (CPG) corresponding

to a lamprey-like swimming controller, and is extended with a limb CPG for controlling the salaman-

der's limbs. A genetic algorithm is used to instantiate parameters of the neural circuit (e.g. synaptic

weights and time parameters) in three stages, with �rst the evolution of segmental oscillators, second the

evolution of intersegmental coupling for making a body CPG, and third, the evolution of the limb CPG

and its connections to the body CPG. A controller is developed which can produce a neural activity and

locomotion gaits very similar to those observed in the real salamander. By varying the tonic excitation

applied to the network, the speed, direction and type of gait can be varied. Movies of the simulations

can be found at http://rana.usc.edu:8376/�ijspeert/ .

1 Introduction

Locomotion is a fundamental skill for animals, which need it for a variety of actions such as �nding food,
encountering a mate for reproduction, escaping predators, and moving to a more friendly environment.
Similarly, e�cient locomotion is essential in mobile robotics if we want robots to carry out useful tasks.
As wheeled robots are limited in the type of environments in which they can move, there is an increasing
interest to develop robots which use more animal-like types of gaits. This usually means that more complex
means of locomotion than powered wheels are needed, involving a greater number of actuators generally
used in a rhythmic way. Very quickly, the engineer is then faced with the same control problems faced
by biological systems, namely the control of multiple actuators which only produce the desired behavior
when appropriately coordinated. The problem is to �nd the right control mechanism which can translate
commands concerning the speed and direction of motion into the set of rhythmic signals sent to the multiple
actuators. Biologically inspired robotics may therefore not only gain from inspiration from biology for the
structure of the robot (e.g. legged robots) but also for its control system (e.g. neural based central pattern
generators). Examples of such an approach include [20, 2, 19].

In this work, we investigate control of locomotion in vertebrates using biomechanical and neuronal sim-
ulations. We are, in particular, interested in the locomotion of the salamander, an animal capable of both
aquatic and terrestrial locomotion. The salamander makes axial movements during locomotion. It swims
using an anguiliform swimming gait, in which the whole body participates to movement creation, and in
which a wave of neural activity is propagated from head to tail, with an approximately constant wavelength
along the spinal cord [9, 3]. On ground, the salamander switches to a trotting gait, in which the body
forms an S-shaped standing wave with the nodes at the girdles, which is coordinated with the movements
of the limbs such as to increase their reach during the swing phase. EMG recordings have shown that two



di�erent motor programs underly these typical gaits, with a traveling of neural activity along the body for
swimming and a mainly standing wave during trotting [9, 3]. The locomotor circuitry responsible for these
motor programs has, however, not been decoded for the moment.

This article presents a potential control circuit capable of producing these two types of gaits in a biome-
chanical simulation of the salamander. The control circuit is a central pattern generator (CPG) whose
circuitry is based on a lamprey-like organization, with a lamprey-like CPG for the body segments extended
by a limb CPG for controlling the limbs as hypothesized in [1, 3]. Similarly to other works which have
investigated biological locomotion control using neuromechanical simulations [21, 5, 6], a simple 3D mechan-
ical simulation of the salamander's body in interaction with water or ground is developed whose muscular
activity is determined by the locomotor circuit simulated as a leaky-integrator neural network. The work
presented here follows preliminary experiments on the control of a 2D salamander simulation [17, 13, 15],
and uses the same methodology as that used to develop potential swimming controllers for the lamprey [18].
This article presents, in particular, how the locomotor circuit for the 2D simulation can be extended to
control a 3D salamander with more realistic limbs.

2 Mechanical simulation

The 3D mechanical simulation is composed of ten rigid links representing the trunk and the tail, and eight
links representing the limbs (Figure 2). The tail and trunk links are connected by one degree-of-freedom
(DOF) joints, while the limb joints have 2 DOF at the shoulder/pelvis and 1 DOF at the knee. The torques
on each joint are determined by pairs of muscles simulated as springs and dampers, whose spring constant
are modi�ed by the signals sent from the motoneurons.

The simulation is implemented in a dynamical simulation package from Mathengine,1 which handles the
internal forces necessary for keeping the links connected, as well as the contacts of the body with the ground.
During terrestrial locomotion, friction forces are applied to all links in contact with the ground (e.g. the
trunk and tail links slide on the ground while the salamander is trotting), and in water, it is assumed that
each link (limbs included) is subjected to inertial forces due to the water (with forces proportional to the
square of the speed of the links relative to the water). A more detailed description of the biomechanical
simulation can be found in [14]. The simulation is only a �rst approximation of a salamander, and does not
attempt to reproduce in detail the biomechanical properties of any speci�c salamander species.

PH

PV

K

B

Figure 1: Mechanical simulation. The body is composed of 18 rigid links. Body (trunk and tail) links are connected

by one-DOF hinge-joints, with vector B as axis of rotation. Limbs are attached to the body by two-DOF joints with

one vertical axis of rotation PV and one horizontal PH . Finally, knee joints have one DOF and they rotate around

axis K.

1MathEngine PLC, Oxford, UK, www.mathengine.com



3 Neuronal simulation

The locomotion controller is simulated as a leaky integrator neural network. It is composed of a body
CPG and a limb CPG (Figure 2). The body CPG is lamprey-like with an interconnection of 40 segmental
networks for the generation of traveling waves of neural activity. The limb CPG is made of two interconnected
oscillators projecting to the limb motoneurons and to the body CPG segments, creating a unilateral coupling
between the two CPGs. While the general organization of the controller is set by hand, the time parameters,
biases and synaptic weights of the neurons are instantiated using a genetic algorithm. This is done in three
stages, with �rst the evolution of segmental oscillators, second, the evolution of intersegmental coupling for
the body CPG, and �nally the evolution of the limb CPG connectivity.

In this article, only a summary of the di�erent design stages will be given. For a detailed description of
the design of neural controllers for a 2D simulation of the salamander, see [17, 13, 15]. This paper mainly
investigates how the 2D neural controller developed in [15] can be extended to control the locomotion of a
3D body.

and trunk
Anterior limb

Posterior limb
and tail

BODY CPG LIMB CPG

Flexor

Extensor

Extensor

Flexor

Motoneurons Motoneurons

Head

Interneurons

BS_LBS_L BS_B BS_B

Figure 2: Proposed organization of the salamander's locomotor circuitry. The circuitry is composed of a body CPG

and a limb CPG which can be activated by four pathways from the brainstem (BS). Each limb is activated by 3 pairs

of exor-extensor neurons (only one pair per limb shown here).

3.1 Neuron model

Leaky-integrator neurons, i.e. neurons of intermediate complexity between abstract binary neurons used
traditionally in arti�cial neural networks and detailed compartmental models used in computational neu-
roscience, are used for implementing the neural controllers. Instead of simulating each activity spike of a
real neuron, a neuron unit computes its average �ring frequency [12]. According to this model, the mean
membrane potential mi of a neuron Ni is governed by the equation:

�i � dmi=dt = �mi +
X

wi;jxj

where xj = (1 + e(mj+bj))�1 represents the neuron's short-term average �ring frequency, bj is the neuron's
bias, �i is a time constant associated with the passive properties of the neuron's membrane, and wi;j is the
synaptic weight of a connection from neuron Nj to neuron Ni.



4 Staged evolution of the central pattern generator

4.1 Segmental oscillators

In the �rst design stage, segmental oscillators are developed by using the genetic algorithm (GA) to instan-
tiate neural (bi,�i) and network parameters (the synaptic weights wi;j) in a network composed of 8 neurons.
For this stage, the �tness function of the GA is de�ned to reward networks which can produce stable oscil-
lations and whose frequency of oscillation can be modulated by the level of tonic (i.e. non-oscillating) input
applied to the network.

BS

M

C

B

A
BS

M B

C

A

Figure 3: Connectivity of the segmental oscillator. The oscillator is composed of three types of inhibitory interneurons

(A, B, and C) and of excitatory motoneurons (M). The neurons receive tonic input coming from the brainstem (BS).

Figure 3 illustrates one of these evolved networks. This network produces stable oscillations over a
large range of frequencies (from 0.75 to 8.75Hz). It starts to oscillate when it receives su�cient tonic input
(which can be viewed as the descending signals coming from the brainstem), with the frequency of oscillation
increasing with the level of input. Note that the oscillations are due to the connectivity and the time-delayed
reaction of the neurons to their synaptic input rather than to intrinsic oscillatory properties of the neurons
(i.e. the circuit has no pacemaker cells).2

4.2 Intersegmental coupling

The aim of this stage is to develop a complete body CPG which can propagate a traveling rostro-caudal wave
for swimming. The body CPG is made of 40 segments like the number of segments found in salamanders
(instead of the 100 segments of lampreys). One of the best oscillators of the previous stage is chosen as
template segmental oscillator. The coupling between segments is obtained using synaptic spreading [22], in
which a connection between two neurons in a segmental oscillator is projected to corresponding neurons in
neighboring segments. The extent of the projections in both rostral and caudal directions are instantiated
using the GA, with a �tness function rewarding networks which produce regular oscillations in all segments,
and which propagate a traveling wave from head to tail with a constant phase lag along the spinal cord.

Successful swimming controllers are thus created which, when connected to the mechanical simulation,
produce the typical anguiliform swimming observed in salamanders and lampreys (Figure 4). Note that
during swimming, tonic signals are also sent to the horizontal exors of the limbs in order to keep the limbs
against the body. The phase lag between neighboring segments is almost constant, leading to a neural wave
of constant wavelength along the spinal cord (Figure 5, left). The speed of swimming can be modulated by
varying the level of tonic input applied the whole body CPG, with the frequency of oscillation and therefore
the speed of swimming increasing with the level of input. Interestingly, while the frequency of oscillation
depends signi�cantly on the level of tonic input, the wavelength of the neural wave remains more or less
constant for any level of input, similarly to what is observed in the lamprey [10]. Finally, this body CPG has
also the interesting property of being able to induce turning when asymmetrical input is applied between
left and right sides of the spinal cord. If the asymmetry is permanent, the salamander swims in a circle, and
if it is temporary it can be used to change the heading of swimming.

2In the lamprey, several mechanisms of rhythmogenesis have been found, with cellular properties playing an important role

for low frequencies of oscillation, while higher frequencies are mainly generated by network properties [11, 10].



Figure 4: Swimming.

4.3 Complete CPG

The aim of this last stage is to develop a complete CPG able of producing both the swimming and the trotting
gaits of the salamander. A limb CPG is therefore developed on top of the body CPG. The limb CPG is
composed of two oscillators which are copies of the segmental oscillator. The GA is used to instantiate the
synaptic weights of all connections represented as thick arrows on Figure 2, that is, the coupling connections
between the limb oscillators, the connections from the limb oscillators to the limb motoneurons, and the
connections from the limb oscillators to the segmental oscillators of the body CPG. The GA is also used to
instantiate the neural parameters for the exor and extensor limb motoneurons. The aim is to be able to
switch between the swimming and the trotting gaits, by either applying tonic input only to the body CPG
for swimming (by the left and right BS B pathways in Figure 2), or applying tonic input to both the body
and the limb CPGs for trotting (i.e. by both the BS B and BS L pathways). For this stage, the �tness
function is de�ned to reward complete CPGs which have their limb oscillators oscillating out-of-phase and
which can produce a trotting gait whose speed can be modulated by the level of tonic input applied to both
the body and the limb CPGs.

Figure 6 illustrates the trotting gait of one of the evolved complete CPGs. Interestingly, the evolved
coupling from the limb CPG to the body CPG induces a body-limb coordination very similar to that
observed in the real salamander. The body makes an S-shaped movement which is coordinated with the
movements of the limbs to increase their reach when they are in the swing phase. The e�ect of the coupling
can be observed in Figure 5 (right). The unilateral coupling from the limb oscillators forces the chain of
segmental oscillators of the body CPG (which would normally propagate a traveling wave) to be in perfect
synchrony in the upper part of the body and in the tail, with an abrupt change of phase at the level of the
posterior girdle (i.e. where the inuence of the anterior limb oscillator stops and that of the posterior limb
oscillator begins).
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Figure 5: Neural activity in left motoneurons of the body CPG during swimming (left) and trotting (right).



Figure 6: Trotting.

The activity of the limb CPG is shown in Figure 7. Note that this limb CPG was initially developed for a
2D simulation of the salamander. Two motoneurons FV and EV , for the vertical exor and extensor muscles
at the shoulder/pelvis, were added by hand to the network. These motoneurons oscillate with a phase of
approximately 90 degrees compared to the horizontal motoneurons, so that the limbs perform approximate
circles. Also the signals from the FH and EH motoneurons are sent to both the horizontal muscles at the
shoulder/pelvis and to the knee muscles. Turning during trotting can be induced by applying asymmetrical
input to both the limb and the body CPGs. Turning is then mainly due to the extra bending of the body
which enables the simulated salamander to make relatively sharp turns.

Interestingly, the simulated trotting salamander did not present rolling problems in this 3D simulation.
This is partly due to the fact that, in this �rst approximation of a salamander, joints connecting body links
have been simulated as hinges (i.e. with only 1 DOF) therefore preventing torsion, but also to the intrinsic
property of the salamander's trotting gait in which the whole body slides on the ground with a stabilizing
S-shape, therefore signi�cantly reducing postural instability compared to other, supported, quadrupedal
gaits.

5 Discussion and conclusion

This article presented a potential locomotor circuit for salamander locomotion, based on a lamprey-like body
CPG extended by a limb CPG. The limb CPG is based on two oscillators which are copies of the segmental
oscillators of the body CPG. This could be seen as being the result of the evolution from a lamprey-like
ancestor with two body oscillators having gradually specialized to control �ns and then limbs. As the
salamander has kept a partially aquatic habitat, it has kept the control circuitry for aquatic locomotion and
developed a new motor program for terrestrial locomotion. In our model, we hypothesize that the salamander
is able to switch between gaits by varying how tonic (i.e. non-oscillating) input is applied to the locomotor
circuit through four di�erent pathways from the brainstem.

The coupling from the limb CPG to the body CPG explains the capacity of the locomotor circuit to
produce two di�erent types of waves: when activated, the body CPG tends to produce traveling waves for
swimming, unless it is forced by the unilateral coupling from the activated limb CPG to produce a standing
wave for trotting. In agreement with the �rst assumption, it has recently been found out that the completely
isolated spinal circuit of the salamander tends to spontaneously propagate traveling waves when submitted
to an excitatory bath [4]. Further anatomical and physiological studies may test the validity of the model by
investigating whether two distinct limb oscillatory circuits exist, and whether these circuits project through
relatively long range projections to each other and to the body segments.

The mechanical simulation, even if it was just a �rst approximation, allowed an investigation of what
phases and shapes the signals sent to the muscles should have for e�cient locomotion. As biomechanical
systems have complex nonlinear dynamics, including models of the body is important to fully understand
the neural mechanisms underlying locomotion. Furthermore, having a representation of the body becomes
necessary if one wants to investigate the e�ect of sensory feedback on the pattern generation. The controller
presented in this article works in an open loop, i.e. without proprioceptive feedback. In future work, we
intend to integrate such a feedback, as it is important for \shaping" the neural signals and coordinating
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Figure 7: Neural activity in the limb CPG during trotting.

them with the actual mechanical activity. In models of lamprey swimming, for instance, it has been shown
that sensory feedback enables the crossing of zones of non-stationary water which would be impossible to
cross without [6, 18].

We are currently investigating how the locomotor circuit presented in this article can be integrated into a
more comprehensive model of the salamander's central nervous system. Several models of the salamander's
visual system have, for instance, been designed [7, 8], but a comprehensive model which interconnects sensory
and motor systems remains to be developed. In [16], we present a �rst experiment in that direction in which a
simple control circuit is designed to implement a tracking behavior based on two simple retinas and a \water"
sensor. It is found 1) that the pattern generation of the locomotor circuit is robust against constantly varying
inputs, 2) that the simulated salamander can robustly switch between swimming and trotting, and 3) that
it can successfully track a randomly moving target.

To conclude, biologically inspired CPGs may be interesting for controlling robots using animal-like type
of gaits, that is, machines which require control mechanisms for e�ciently coordinating multiple actuators
for locomotion. The CPG presented in this paper has the interesting property that the generated gait can
be modulated by simple input signals. By simply varying how tonic input is applied to the di�erent parts
of the network, the speed, direction, and type of gait can be modulated.
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Abstract

As there exists highly complicated interaction dy-

namics, it is in general extremely difficult to design

controllers for legged robots. Therefore, the Evolution-

ary Robotics is one of the most promising approaches

since it can automatically construct controllers by tak-

ing embodiment and the interaction dynamics with

the environment into account. Although this approach

has such advantages, there still exists several problems

that have to be solved. One of the critical problems

is known as the gap problem; the controller evolved in

the simulator show not the same fitness as those in the

real world due to unforeseen perturbation. Therefore,

it is highly necessary to establish a method enables

to efficiently construct adaptive controllers that can

cope with different situation. For this purpose we in-

troduce the concept of neuromodulators, allowing to

evolve neural networks which can adjust not only the

synaptic weights, but also the structure of the neu-

ral network by blocking and/or activating synapses or

neurons. We apply this concept to create an adap-

tive legged–robot controller which realizes not only fol-

low the desired walking velocity but also regulate the

amount of the torque output applied to each joint for

energy efficiency according to the current situation.

1. Introduction

Legged robots show sigini�cant advantages over
wheeled robots since they can traverse in uneven
and unstructured environments. This high mobil-
ity stems from the fact that in contrast to wheeled
or tracked robots legged robots discretely contact
with their environments via their legs. This, how-
ever, inevitably causes highly complicated dynam-

ics between the robots and their environments.
Thus, it is in general extremely di�cult to design
controllers for legged robots.

So far various methods have been proposed to
construct legged{robot controllers, whilst very few
studies have investigated the design of controllers
considering the interaction dynamics with the en-
vironments [1, 4, 17, 18]. However, since the above
approaches are based on a hand{crafted manner,
it is questionable whether or not these approaches
will be still feasible (i.e. easily implemented) as the
complexity of the desired task and the interaction
dynamics increases.

On the other hand, recently the Evolutionary
Robotics (ER) approach has been attracting a lot
of concern in the �eld of robotics and arti�cial life
[6, 16]. In contrast to the conventional approaches
where designers have to construct controllers in
a top{down manner, the methods in the ER ap-
proach have signi�cant advantages since they can
autonomously and e�ciently construct controllers
by taking embodiment (e.g. physical size and shape
of robots, sensor/motor properties and disposition
etc.) and the interaction dynamics between the
robot and its environment into account.

In this paper, an evolutionary creation of an
adaptive neuro{contorlller for a legged{robot is in-
vestigated. In order to construct adaptive con-
trollers, we focus on creation of feedback loops
between the robot and its environment based on
its embodiment, and their regulation mechanisms
as the targets to be evolved instead of evolving
synaptic weights as in the conventional ER ap-
prroaches. To this end, we introduce the con-
cept of neuromodulators, allowing to evolve neural
networks which can adjust not only the synaptic



weights but also the structure of the neural net-
work by blocking and/or activating synapses or
neurons according to the current situation.

Here as the initial step of the investigation, we
attempt to create a single{leg controller which re-
alizes not only follow the desired walking veloc-
ity but also regulate the amount of the torque
output applied to each joint for energy e�ciency
under various body weights. As there exists no
theory about how such dynamic neural network
can be constructed, the evolutionary approach is
the method of choice to explore the interactions
between the neuromodulators, receptors, synapses
and neurons. Simulations are carried out to verify
the feasability of the proposed method.

2. Issues in the Evolutionary
Robotics Approach

In the ER approaches, arti�cial neural networks
are widely used to construct controllers for au-
tonomous mobile agents, because they can gen-
eralize, are non{linear and noise{tolerant. An-
other advantage of neural network{driven robots
is that a neural network is low level description of
a controller. More precisely, it directly maps sen-
sor readings onto motor outputs. Due to this rich
emergent properties can be expected.

Although the ER approach has the above ad-
vantages, the following drawbacks still exist:

First, as the complexity of the desired task in-
creases, it becomes signi�cantly di�cult to evolve
the whole controller in one go. This problem is
sometimes re�ered as the bootstrap problem [16].
Thus it is demanded to develop a methodology
which can automatically synthesize more complex
behavior than those designed by hand. In order to
alleviate this problem, several authors introduced
the concept of shaping [3], canalization [16], incre-
mental evolution [2] and so forth.

Second, as the evolution in the real world is
time{consuming, simulations are used instead to
evolve the controller in simulated environments
and the best individuals are tested in the real
world. The flaw of this combined approach is
that evolved agents in simulated environments of-
ten show a sigini�cantly di�erent behavior in the
real world due to unforeseen perturbations, since
they tend to overadapt to the given environments
through the evolutionary process. In other words,
a gap between the simulated and real environments
exists. Therefore, it is indispensable to establish

a method which enables the evolved controllers
adapt not only to sepeci�c environments, but also
to environmetnal perturbations.

In the following, we particularly deal with the
second problem. Now, the the following question
arises. How can robots recognize their current sit-
uation and regulate their behavior appropriately?

A part of the answer may be that in the studies
so fare made in ER no attempt was made to select
directly for adaptation by changing the settings
of the experiments. As even a simple thermostat
needs sensory feedback to be able to control the
temperature, an essential ingredient to any adap-
tive controller are controlling sensors to give the
neural controller data how to change its current
state towards the \good" one.

To construct robust controllers against environ-
mental changes, in this study we focus on creation
of feedback loops and their regulation mechanisms
as the target to be evolved instead of evolving the
synaptic weights(see Figure 1). If we can success-
fully evolve the appropriate regulation mechanism,
we can expect high adaptability against environ-
mental perturbations.

Cognitive agent
(robot)

Feedback loops

Creation and regulation of
the feedback loops are the
targets to be evolved

Environment

Figure 1: Feedback loops between the robot and its
environment.

In principle the information carried by the feed-
back loops can have the following two e�ects: Ei-
ther one changes the weights of the synapses and
the neurons' thresholds or one alters dynamically
the structure of the neural network itself. The
question is how can this be done and can such
methods be used to solve the above problem.

Interestingly, neuroscienti�c results suggest that
biological networks not only adjust the synaptic
weights, but also the neural structure by block-
ing or activating synapses or neurons by the use
of signaling molecules, so called neuromodulators
[13]. These �ndings stem from investigations made
with the lobster's stomatogastric nervous system
in which certain active neurons di�use neuromod-



ulators which then rearrange the networks. Note
that the e�ect of a neuromodulator depends not
only on theses substances, but also on the speci�c
receptors, which are di�erently expressed in di�er-
ent cells.

The release of the neuromodulators depends on
the activity of the neurons and therefore di�erent
sensor inputs may cause di�erent patterns of re-
leased neuromodulators. As such dynamic mech-
anisms yield remarkable adaptation in living or-
ganisms, the proposed approach not only carries
promise for a better understanding of adaptive
networks, but they can be also applied to real{
world problems as we already showed in the pre-
vious work [5, 11].

3. Lessons from the Biological Find-
ings

3.1. Dynamic rearrangement in the biolog-
ical nervous system

Investigations carried out on the lobsters' stom-
atogastric nervous system suggest that biological
nervous systems are able to dynamically change
their structure as well as their synaptic weights
[13].

A: oesophageal network

B: pyloric network C: gastric network

A1 A2

B1 B2 C1 C2

swallowing network

A1 A2

B1 B2 C1 C2

dynamic 
rearrangement

Figure 2: Dynamically–rearrangement of a lobster’s
stomatogastric nervous system.

This stomatogastric nervous system mainly con-
sists of an oesophageal, a pyloric, and a gastric net-
work. Normally, these three individual networks
show their own independent oscillatory behaviors,
but in the moment a lobster is eating the networks
are integrated and reconstructed to a new one,
the swallowing network, in which certain neurons
and connections are excluded and formerly inac-
tive connections are activated (see Figure 2).

Recent studies in neurophysiology showed neu-
romodulators (hereafter: NMs) play a crucial
role to regulate this remarkable phenomenon (e.g.
changing properties of synapses as well as neu-

rons).

3.2. Neuromodulators

NMs are substances that can dynamically influ-
ence several properties of synapses as well as
neurons and therefore the function of a neu-
ral network. In contrast to neurotransmitters
(NTs) the e�ect of NMs spreads slower and
lasts longer. NMs change the processing char-
acteristics of neural networks by a�ecting the
membrane potential, the rate of changing the
synapses (i.e. influence on learning mechanisms)
and other parameters. Typical NMs are acetyl-
choline, norepinephrine, serotonin, dopamin (all
are also used as NTs), somatostatine and cholecys-
tokinine (both also used as hormones in the human
body) and many small proteins. Although these
substances are released in a less local manner than
NTs, the e�ects can be quite speci�c. This speci-
�city comes from speci�c receptors on the neurons
and their synapses.

These NMs stem either locally from the neural
network itself or from speci�c sub{cortical nuclei.
The local release of NMs depends on the activity
of the local neural network itself. On the other
hand, sub{cortical nuclei as the locus coeruleus
(noradrenergic innervation), the ventral tegmental
area (dopaminergic innervation) or the basal fore{
brain nuclei (cholinergic innervation) send neuro-
modulatory axons to cortical structures to release
NMs from axonal varicosities which is called vol-
ume transmission. Many publications in neuro-
science show the importance of NMs for dynamic
rearrangement of neuronal modules [13, 9] or for
learning and memory (switching between learning
and recall mode) [8].

In this study we implemented the following
properties:

• dynamic change of a neuron's threshold

• dynamic blocking of synapses (possibly neu-
rons)

• dynamic change of the inhibitory or excita-
tory properties of a synapse

• dynamic modulation of synaptic weights (i.e.
learning).



4. Proposed Method

4.1. Basic concept

The basic concept of our proposed dynamically{
rearranging neural networks (hereafter: DRNN) is
schematically depicted in Figure 3. As in the �g-
ure, unlike the conventional neural networks, we
assume that each neuron can potentially di�use
its speci�c (i.e. genetically{determined) NMs ac-
cording to its activity, and each synapse has re-
ceptors for the di�used NMs. We also assume that
each synapse independently interprets the received
NMs, and changes its properties (e.g. synaptic
weight). The way of these changes exerted on the
synapses is also genetically{determined.

coupling

diffused NMs

dynamic rearrangement

to actuators

emerged neural network

from sensors

Figure 3: Basic concept of the DRNN.

By selecting for regulatory feedback loops (cycli-
cal interaction between the di�usion and reaction
of NMs), we expect to be able to evolve adaptive
neural networks, which show not only a seamless
transfer from simulations to the real world but
also robustness against environmental perturba-
tions (in the �gure, the thick and thin lines denote
the connections being strengthened and weakened
by NMs, respectively).

In summary, in contrast to the conventional ER
approach that evolves synaptic weights and neu-
ron's bias of neuro{controllers, in this approach
we evolve the following mechanisms:

• Di�usion of NMs (when, which type of NMs
are di�used from each neuron?)

• Reaction to NMs (how do the receptors on
each synapse interpret the received NMs, and
modify the synaptic property?)

• Network architecture (the number of in-
terneurons, and how to connect among the
sensory, inter{ and motor neurons)

To determine the above parameters, we use a Ge-
netic Algorithm (GA). Detailed explanation on
how a GA is implemented is given later.

4.2. Application problem

4.2.1. Task

Our aim is to create an adaptive controller for
a multi-legged robot that can appropriately cope
with di�erent situation. However, in general it is
extremely di�cult to evolve the whole controller
in one go.

Thus, in order to investigate the feasibility of
the DRNN approach, in this study we attempt to
construct an adaptive controller for a single{legged
robot as the initial step of the investigation. Here
the task of the robot is to not only follow the de-
sired walking velocity but also regulate the amount
of the torque output applied to each joint for en-
ergy e�ciency under various body weights.

gravity

0

0

 

M

m

m

knee joint

θ2

θ1 (x1, y1)

hip joint (x0, y0)

(x2, y2)

(x3, y3) x

y
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EF

E F

F: flexor
E: extensor

Figure 4: Model of the single-legged robot.

4.2.2. Single–legged robot model

The model of the single-legged robot is schemat-
ically illustrated in Figure 4. The robot consists
of a body and two physical links (i.e. thigh and
shank) with two joints (i.e. hip joint and knee
joint). These joints are all independently driven
by pairs of antagonistic actuators (i.e. flexor and
extensor) in order to take not only static torque
but also the sti�ness of the joints (for energy e�-
ciency) into account.

The hip angle (θ1) is measured according to the
deviation from the vertical line. We assume that
the hip joint can rotate between an angle of −60◦

(full extension) and 60◦ (full flexion). On the other
hand, the knee angle (θ2) is measured with ref-
erence to the thigh position, where the full knee
extension is an angle of 0◦ and full knee flexion
−120◦.

We assume that each joint is equipped with a
pair of AEP (anterior extreme position) and PEP
(posterior extreme position) sensors which inform



the current hip and knee angles, and also equipped
with a torque sensor to measure the applied static
torque. In addition, there exist a load sensor at the
tip of the leg to detect the amount of the vertical
force from the ground (Fv in the �gure).

4.2.3. DRNN controller

Figure 5 schematically represents the structure of
the DRNN controller for the single{legged robot.
In the �gure, the neurons with S and M denote
the sensory and motor neurons, respectively. The
neuron S8 is a neuron which is always activated
(i.e. output value of 1.0) to encourage any motor
activity even under no sensory inputs. The rest of
the neurons are interneurons. Detailed explana-
tion on how to create the controller will be given
in the next section.

excitatory connection

inhibitory connectionneuron

receptors

NMs

activation

threshold

1.00.0

NM diffusion area
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NM2

hip AEP
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knee AEP
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knee PEP
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drive
neuron (S8)
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sensor (S7)
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Figure 5: Controller for the single-legged robot.

As for the neural dynamics, we use a leaky inte-
grator model which is expressed as:

τi
dui
dt

= −ui +
∑
j

wij · aj − θi (1)

ai =
1

1 + exp(−0.5ui)
(2)

where ai is the activity of neuron i, and wij rep-
resents the synaptic weight of a connection from
neuron j to neuron i. ui is the membrane poten-
tial of neuron i, and τi denotes the time constant
of the membrane potential. θi is the threshold of
the neuron's activity. We use a standard sigmoidal
function to limit the neuron's activity.

4.3. Encoding scheme for the DRNN

Both the network architecture and the way of dif-
fusion and reaction to NMs in the DRNN are

closely related to not only the given task but
also the embodiment and the interaction dynam-
ics with the environment. Thus it is preferable to
automatically determine these parameters through
the evolutionary process. In order to exclude pos-
sible presupposition on these parameters we intro-
duce the concept of the developmental process.

4.3.1. Structure of the Genotype

The genotype for the DRNN (hereafter: network
genotype) is expressed as a binary bit string, and
is composed of a set of blocks, each block corre-
sponding to the genotype for a single neuron (neu-
ron genotype). For the ease of understanding, we
�rst explain the structure of the neuron genotype
in detail.

NM block Connection block S/M connection block

Flag Thr. Rule Flag Thr. Rule Flag Thr. Rule
0 0.4 Hebb 1 0.7 Block 1 0.3 None

SRs1
1

SRs2
1

SRs3
0

SRs4
0

ARm1

0
ARm2

1
ARm3

1
ARm4

1

NM1 NM2 NM3

AR1 SR1

1 1
AR2 SR2

0 1
AR3 SR3

1 0
AR4 SR4

0 1

Bias

Figure 6: Structure of the neuron genotype.

Figure 6 shows an example of the neuron geno-
type. As in the �gure, each neuron genotype con-
sists of the bias gene and three blocks: NM block,
connection block, and S/M connection block. The
bias gene represents the threshold of the neuron.
NM, connection and S/M connection blocks con-
tain genetic information which specify the follow-
ing properties of the corresponding neurons, re-
spectively:
(a) NM block

The genes contained in this block determine the
way of di�usion and reaction to the NMs. As in
the �gure, this block is composed of a series of
the parameter set (flag, threshold, rule), and each
set is responsible for one speci�c type of the NMs.
Thus in this example at most three types of NMs
can be di�used from the neuron concerned.

The parameters flag and threshold determine un-
der which condition the corresponding type of NM
is di�used from the neuron concerned. If the neu-
ron's activity exceeds the genetically{determined
threshold value and also the flag is active, the
corresponding NM will be immediately di�used.
Here, we assume that the concentration of the dif-



fused NM (denoted as c(NMk)) is proportional to
the avtivation value of the neuron concerned (ai)
within the di�usible area.

On the other hand, the parameter rule deter-
mines how the receptor on the synapses which out-
grow from the neuron concerned interprets the cor-
responding type of NM and modi�es the synaptic
properties. In order to reduce the genetic infor-
mation here we assume that all the synapses out-
growing from a given neuron have the same set of
the receptors.

Each parameter rule can take one of the follow-
ing four types of modulation: Hebbian learning,
anti–Hebbian learning, non–learning, and blocking
(i.e. excluding the synapse), respectively.

Suppose that there exists k types of receptors on
a given synapse, the following equation is used for
the dynamic modulation of the synaptic weights
as:

ctotal(NMk) =
∑
N

c(NMk) (3)

s =
∑
k

Rij(NMk)·ctotal(NMk) (4)

wt+1
ij =


wtij + η|s|(−1− wtij)aiaj for s < 0

wtij for s = 0

wtij + η|s|(1− wtij )aiaj for s > 0

(5)

where, ctotal(NMk) represents the total concentra-
tion of the di�used NM of type k in the network at
a given time, and N is the number of the neurons.
η is the leaning rate, and Rij(NMk) denotes the
parameter which determines how the synapse con-
cerned modi�es its property when the NM of type
k is combined with the receptor on it. For this,
we use +1, {1, and 0 to express Hebbian learning,
anti–Hebbian learning, and non–learning, respec-
tively.

We assume that the blocking modulation has the
highest priority among the four types of modula-
tion. Thus, if a receptor which expresses blocking
is activated, the corresponding synaptic weights
will be forcibly set to zero notwithstanding other
receptors' states.
(b) Connection block

This block is responsible for the connection es-
tablishment among the neurons. As in �g.6, this
block possesses a series of the parameter set (ARi,
SRi). Here ARi and SRi stand for an axonal and
synaptic receptors, respectively. If the parameter
ARi is activated, the neuron concerned outgrows
axons. Each AR (SR) has its own ID{number,

and the AR can make connections only with the
SR with the same ID{number.
(c) S/M connection block

This block determines the connection establish-
ment between the corresponding neuron and the
sensor and/or motors, equipped with the robot.
We assume that each sensor (motor) has its spe-
cially dedicated axonal (synaptic) receptor ARsi
(SRmi), and this receptor is always active. If
the neuron concerned activates the gene SRsi
(ARmi), then this neuron can connect with the
sensor with ARsi (the motor with SRmi).

4.3.2. Genetic operators

Each gene in the neuron genotype is randomly
changed with the prespeci�ed probalility. In ad-
dition to this, as for the NM block and connection
block in each neuron genotype we use specially
dedicated mutation operators; random insertion
and/or deletion of the parameter set (i.e. (flag,
threshold, rule) for the NM block, (ARi, SRi) for
the connection block) is applied in order to explore
the appropriate number of NM types and connec-
tions with other neurons.

Due to the above insertion and deletion oper-
ators, each neuron genotype can have di�erent
length. Consequently, the length of a network
genotype can di�er from one to another. Thus,
in this study we use a mixing pot method [15] as a
crossover operator. Despite of its simplicity, this
operator can e�ciently deal with the number of
neurons as the target to be evolved (detailed de-
scription of this method see [15]).

5. Results

As mentioned before, it becomes signi�cantly dif-
�cult to evolve the whole controller in one go as
the complexity of the desired task increases. To
alleviate this, we introduce the concept of an in-
cremental evolution. In this study, we �rst evolve
the controller under the following evaluation crite-
rion:

fitness1 =
1.0

D∗ −D ×
2∑
i=1

∫ Tmax

0

|θ̇i|dt (6)

where D∗ and D denote the desired and resultant
walking distance, respectively. θ̇i is the angular ve-
locity of joint i, and Tmax represents the duration
of the evaluation process. The second term of the
right hand side of the equation is for encouraging
any oscillatory behavior.



After evolving during 200 generations under this
�ttness function, the population obtained in the
last generation is used for the second stage of the
evolution as the initial population. The �tness
function used in the second stage is expressed as:

fitness2 =
fitness1

Econ
(7)

Econ =

2∑
i=1

∫ Tmax

0

{δ(Tiθ̇i) + Tfi
2 + Tei

2}dt(8)

Ti = Tfi − Tei (9)

δ(x) =

{
x for x ≥ 0
0 for otherwise

(10)

where Econ is the amount of the energy con-
sumed during the evolutionary process. Tfi and
Tei denote the flexor and extensor torque applied
to joint i, respectively. The body parameters used
in the following simulations are listed on Table 11.

To verify the adaptability of the DRNN, in the
simulations each individual is tested under various
body mass (M=1.8kg, 2.8kg) and the averaged �t-
ness value is used for the evaluation.

Table 1: Body parameters of the single–legged robot.

part length mass
body - 1.80/2.80[kg]
thigh 0.1[m] 0.15[kg]
shank 0.1[m] 0.15[kg]

Figure 7: Resultant trajectory of the best evolved
agent in the case of M=1.8kg.

Figure 7 and 8 represent the resultant trajectory
of the best evolved agent under the bady mass of
M=1.8kg and 2.8kg, respectively. Figure 9 and
10 are the transition of the torque outputs at the
waist joint under the same condition. From the

1For simplicity, the body is represented as a material
particle (i.e. no physical entity) with mass.

Figure 8: Resultant trajectory of the best evolved
agent in the case of M=2.8kg.
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Figure 9: Transition of the torque output at the be-
ginning of walking.
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�gures, it is understood that irrespective of the dif-
ferent body mass, the robot can successfully cover
almost the same distance by adjusting the amount
of the torque output at the joints. We observed
that di�erent types of the NMs were di�used ac-
cording to the sensory inputs in order to regulate
the torque outputs applied to each joint.

6. Conclusions

In this study, evolutionary creation of an adap-
tive controller for a single{legged robot was inves-
tigated. To this end we introduced the concept
of the dynamically{rearranging function in the bi-
ological nervous systems. The preliminary simu-
lation results were encouraging. We expect this
concept will provide a methodology for not only
seamless transfer from the simulated to the real en-
vironments but also evolutionary creation of con-
trollers with high adaptability. Detailed analysis
of the evolved DRNN is currently under investi-
gation. We will also quantitatively investigate the
adaptability of the evolved controllers compared
with the ones of the conventional approach where
the syanaptic weights are the targets to be evolved.

In the future, we will apply this concept to biped
and quadruped robots. For this purpose we are
currently developing a 3D simulator with the use of
a general{purpose fully dynamics simulator DADS
(Dynamic Analysis and Design System).
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Abstract

This paper presents a method to generate rhythmic
and cyclic motions observed in locomotion of animals
or insects by using nonlinear dynamics, e.g., recurrent
neural network (RNN). The proposed method enables
to specify the approximation accuracy of the generated
trajectory to the target trajectory though RNNs cannot
easy to specify it. The method is based on a nonlinear
oscillator generating cyclic motion and a the Fourier
series. The realized dynamics has the desired trajec-
tory as a limit cycle. A realization using neural net-
works is also shown. Effectiveness of the proposed
method is examined by a numerical simulation where
a space robot changes its orientation by the cyclic mo-
tion of the manipulator.

1. Introduction

Rhythmic and cyclic motions observed in locomotion,
fluttering, and swimming of animals and insects are
memorized in their brains or nervous networks. Those
motion memories would not be stored as time histo-
ries but as limit cycles in nonlinear dynamical systems.
For the stable generation of the motion, the cyclic tra-
jectory is requested to be a steady attractor, which
is called a dynamic associative memory (DAM). This
study discusses the methodology to generate the rhyth-
mic and cyclic motions of animals or robots using the
DAMs.

Recurrent neural networks (RNNs) have been used
generally to realize the DAMs and a back-propagation
(BP)[1, 2] was proposed for the RNN. A multi-layered
NN, e.g., multi-layered perceptron, can approximates
any piecewise continuous function within a specific ac-
curacy if the neural network (NN) has hidden units as
many as necessary[3]. On the other hand, RNNs are
not sure to express the desired dynamics nor to guar-
antee their learning convergence.

Consequently, this study proposes a methodology

to realize the DAM that generates the desired rhyth-
mic motion. The proposed method realizes a DAM
based on a Fourier series and a standard oscillator
with nonlinear units generating sinusoidal motion. The
achieved DAM can generate any continuous cyclic tra-
jectory, which is steady and multivariable vector func-
tion. It also makes the desired rhythmic motion be
a limit cycle and attracts the trajectories started from
almost all initial states to the desired. Moreover, the
design procedure is established that ensures the DAM
within the specific approximation accuracy evaluated
by the mean squared error. Further, the DAM can be
realized by using RNNs and LNNs.

The rest of this paper is organized as follows. Sec-
tion 2 defines the desired dynamics that should be re-
alized by DAMs and shows problems of the existing
RNN, which is designed as in references[1, 2]. Sec-
tion 3 represents the proposed DAM and illustrates
its feasibility through a numerical simulation of a 1-
degree-of-freedom (DOF) system. In the same section,
a realization of the DAM using NNs is also mentioned.
In section 4, effectiveness of the proposed method is
examined by a numerical simulation where a space
robot changes its orientation by the cyclic motion of
the manipulator. Finally, concluding remarks are given
by section 5.

2. Desired DAM and Problems in RNN

2.1. Specifications of desired DAM

This study uses DAMs to store the rhythmic and cyclic
motions observed in locomotion, fluttering, and swim-
ming of animals and insects. The followings are the
specifications of the DAMs.

The desired cyclic trajectory is desired to be an at-
tractor so as to start the trajectory from any initial state.
It is also to be steady so as not to change its path.
Hence, the desired cyclic trajectory is requested to be



a steady limit cycle.

For a desired trajectory ψ(t) with a period T , an al-
lowable trajectory θ(t) is

θ(t) = ψ(τ) (1)

where τ = α(t)t + ∆t must be a monotone increase

function of t, α(t) � 1, and the phase angle φ
�
= ∆t/T

is in 0 ≤ φ < 2π. This requests the generated cyclic
trajectory has an almost constant period and any phase
angle to the desired trajectory.

Multivariable vector trajectories should be gener-
ated by the DAM for locomotion and so on where
many joints are moved. For the purpose, independent
limit cycle for each joint is not good enough, but they
must be synchronized.

It is better to specify the approximation accuracy of
the generated trajectory to the desired. The DAM must
be able to learn the desired trajectory by using some
learning method. In addition, an assurance of the learn-
ing convergence is desirable.

One would like to start motion from almost any state
because initial joint states are various in locomotion.
For the purpose, the desired trajectory is to be a limit
cycle with a large convergence region in state space.

The DAM realized by nonlinear differential equa-
tions is good for a robot control. However, the neural
network realization is desired to understand the brains
and the nervous systems, where the NN uses only neu-
ron units observed in living bodies.

2.2. Problems in RNN realization

Recurrent neural networks (RNNs) have been gener-
ally studied to realize the DAMs. The RNNs are used
to construct dynamical systems and a recurrent back-
propagation (RBP)[1, 2] was proposed for learning.
A multi-layered NN, e.g., multi-layered perceptron,
can approximates any piecewise continuous function
within a specific accuracy if it has hidden units as many
as necessary[3]. On the other hand, RNNs are not sure
to express the desired dynamics nor to guarantee their
learning convergence.

Following references [1, 2], Figure 1 shows a nu-
merical simulation, where a RNN has 20 neural units
connected by each other, it has studied the desired tra-
jectory 15,000 times by the RBP, and the trajectory is
a constant rate circle with (0.5 0.5) in center and 0.4
in radius. The RNN has formed a limit cycle that at-
tracts the generated trajectories to the desired, where
no teaching signals for studying are given to the RNN
for the first 5 s. But, the learned trajectory is not the
right circle. Consequently, one must discuss if the
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Figure 1: Learned trajectory by RBP following circular tra-
jectory

RNN enable to express the desired dynamics before
discussing convergence of learning.

3. DAM for Any Rhythmic Motion

3.1. Outline of DAM construction

The following outlines the design method of the DAM
satisfying the specifications. Firstly, a standard oscil-
lator is equipped to generate a sinusoidal oscillation
with the desired period. Higher harmonic oscillators
are constructed from the standard oscillator as many as
necessary. The desired cyclic trajectory of time is then
approximated by a Fourier series and its Fourier coef-
ficients are obtained. The desired cyclic trajectory is
generated by multiplying the harmonic oscillations to
the Fourier coefficients and summing them up.

3.2. Fourier series approximation

A cyclic function of time t with a period 2L is approx-
imated here by using a Fourier series. Assume that the
trigonometric function system

1, cos
π

L
t, sin

π

L
t, cos

2π
L
t, sin

2π
L
t, . . . (2)

of t can be generated by dynamical systems, e.g., oscil-
lators. If the function f(t) with period 2L is piecewise
smooth on a closed domain [−L, L], then a Fourier
series is generated from f(t) as:

f(t) ∼ a0

2
+

∞∑
i=1

(ai cos
iπ

L
t+ bi sin

iπ

L
t) (3)
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tdt
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f(t) sin
iπ

L
tdt

(4)

where a0, a1, a2, · · · and b1, b2, · · · are called
Fourier coefficients of f(t). One can consider that the
function f(t) with period 2L is piecewise smooth and
continuous because it describes a motion. The Fourier
series then converges to f(t) absolutely and uniformly.

The trigonometrical polynomial using finite number
of trigonometric functions

Sn(t) =
a0

2
+ a1 cos

π

L
t+ · · ·+ an cos

nπ

L
t

+b1 sin
π

L
t+ · · ·+ bn sin

nπ

L
t

(5)
approximates f(t) with the minimum mean squared er-
ror

E(f − Sn) =
1

2L

∫ L

−L

(f(t) − Sn(t))2dt (6)

when the Fourier coefficients are used as
a0, a1, a2, · · · , an and b1, b2, · · · , bn. Therefore,
one can specify the approximation accuracy of Sn by
selecting the number n that makes the mean squared
error E(f − Sn) of Eq. (6) less than the specific value.

3.3. Standard oscillator and higher harmonic os-
cillations

In the previous subsection, one assumes that the
trigonometric function system, Eq. (2), is generated by
dynamical systems. This subsection presents a method
to generate it. A standard oscillator is firstly equipped
by von der Pol’s equation. Higher harmonic oscilla-
tors are then constructed from the standard oscillator
as many as necessary.

3.3.1. von der Pol’s oscillator

A nonlinear dynamics is realized by von der Pol’s os-
cillator, where the dynamics has a limit cycle with a
constant rate trajectory on an unit circle:

dx

dt
=

[
ẋ

ε(ω2 − ω2x2 − ẋ2)ẋ − ω2x

]
(7)

y = Ωx (8)

where x = [x ẋ]T , x = [y1 y2]T and Ω =
diag[1, 1/ω], ε > 0. To discuss the stability of the

oscillator, let a Lyapunov function be

V (x, ẋ) =
1
2
(ω2x2 + ẋ2) (9)

then V (0, 0) = 0 and V (x, ẋ) > 0 is satisfied when
x �= 0 or ẋ �= 0. Since the time derivative is

V̇ = ω2xẋ+ ẋẍ

= ω2xẋ+ ẋ(ε(ω2 − ω2x2 − ẋ2)ẋ− ω2x)
= ε(ω2 − ω2x2 − ẋ2)ẋ2

= ε(ω2 − 2V )ẋ2 (10)

sign of V̇ changes beyond V =
ω2

2
. Hence V in-

creases in 0 < V <
ω2

2
with V̇ > 0 and V decreases

in
ω2

2
< V with V̇ < 0. Therefore V → ω2

2
as

t → ∞. It means that the solution would be con-
strained on the ellipse ω2x2 + ẋ2 = ω2. The ellipse
is a limit cycle because no singular point exists on the
ellipse and the state vector travels with nonzero rate.
The parameter ε gives the speed of convergence to the
ellipse and the convergence becomes quicker the larger
ε is.

Because the steady state solution is ω2x2+ẋ2 = ω2,
substituting it into Eq. (7) yields

ẋ =
[

0 1
−ω2 0

]
x (11)

The solution becomes x(t) = sinωt if the initial state
is x(0) = [0 ω]T at t = 0 and one obtains ẋ(t) =
ω cosωt. Hence the output becomes

y =
[

sinωt
cosωt

]
(12)

Because Eq. (7) generates the limit cycle, a solution
started from another initial state converges to

y =
[

sin(ωt+ φ)
cos(ωt+ φ)

]
(13)

where a phase φ in 0 ≤ φ < 2π depends on the initial
state. Eq. (12) can be considered as the steady state
output when t+ φ/ω is redefined as t.

3.3.2. Higher harmonic oscillators

Higher harmonic oscillators are needed for the Fourier
series approximation. For the purpose, a standard os-
cillator g(x, ẋ) is firstly equipped by the von der Pol’s
equation with a frequency ω = π/L and the output
y = [y1 y2]T = [sinωt cosωt]T is obtained. A higher



harmonic oscillation with a frequency jω is generated
by

sin jωt =
(j−1)/2∑

i=0

(
j

2i+ 1

)
(−1)iy2i+1

1 y
j−(2i+1)
2

cos jωt =
j/2∑
i=0

(
j
2i

)
(−1)iy2i

1 y
j−2i
2

(14)
As a result, all the higher harmonic oscillations can be
generated by the standard oscillator g(x, ẋ).

3.4. Generation of rhythmic motion

The cyclic function f(t) with a period 2L is approxi-
mated by the following procedure.

(i) Evaluate the approximation accuracy of Eq. (5) to
f(t) by the mean squared error of Eq. (6) and select
the number n. Calculate Fourier coefficients by Eq. (4)
and define w as:

wT =
[

1
2a0 b1 a1 · · · bn an

]
(15)

(ii) Equip the standard oscillator with the frequency
ω = π/L and the amplitude 1 by Eqs. (7) and (8).
Any initial state of x �= 0 can be selected because the
output y1 = [y11 y12]T converges to the standard os-
cillation from any initial state other than x = 0. Select
x(0) = [0 ω]T as the initial condition when the stan-
dard oscillation should follow just after the initial time.
Initial condition setting will be discussed later.

(iii) Define new output η including the higher har-
monic oscillations as:

η
�
=

[
1 yT

1 yT
2 · · · yT

n

]T
(16)

Generate y1, y2, . . ., and yn by Eq. (14).

(iv) Finally, generate the motion z � f(t) as:

z = wT η (17)

One often would like to start the trajectory from any
initial condition (z(0), ż(0)) because the generated
z(t) is the motion of animals or robots. In this case,
solve y1 from Eq. (17) as an independent variable and
determine y1(0). Calculate x(0) satisfying Eq. (12)
with y1(0) and give it to Eq. (7) as the initial condi-
tion. One can then start the motion from the specific
initial condition (z(0), ż(0)) and attract it to the de-
sired cyclic trajectory.

3.5. Extension to multivariable vector function

Multivariable vector function f(t) would be approx-
imated by the following equations for the motion of

animals and robots though the scalar function f(t) has
been discussed:

f(t) �= [f1(t) f2(t) · · · fm(t)]T

� [z1(t) z2(t) · · · zm(t)]T �= z(t) (18)

where each zi is obtained as

zi = wT
i ηi (19)

by using Eq. (17). All ηis, i.e., xis, must become equal
since zis are to be synchronized. In other words, phase
angle φis must be equivalent for all is. An approach is
to use only one common standard oscillator for all zis
but one cannot set the independent initial condition for
each zi. Accordingly, a standard oscillator of Eqs. (7)
and (8) is equipped to each i and their phase angles
are synchronized by the following equation. In order
to catch up the oscillator j with the maximum phase
angle φj , frequency ωi (i �= j) of other oscillators are
modulated as:

ωi = ω + ε

(
1 − xi · xj

|xi| · |xj|
)

(20)

where parameter ε gives speed of the synchronization.

3.6. NN realization

Discussed here is the realization of the DAM with
NNs. Figure 2 shows a schematic diagram of the
DAM, where the oscillator part is a RNN and the
Fourier series part is a layered NN (LNN). It is known
that the oscillators are realized by the RNNs composed
of nonlinear neuron units [4, 5]. The Fourier series part
is obviously achieved by a LNN if the Fourier coeffi-
cients are considered as the LNN’s connecting weights.
Therefore, the proposed DAM can be realized by the
NN composed of the RNN and the LNN.

3.7. Numerical example

Figure 3 is a phase portrait of the desired trajectory
and the trajectory generated by the proposed DAM.
The generated trajectory asymptotically converges to
the desired trajectory from the initial state that is not on
the desired trajectory. The generated trajectory tracks
the desired with almost no error after the convergence.
The DAM successfully makes the desired trajectory be
a limit cycle by using the von der Pol’s oscillators.
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Figure 2: Construction of NN for proposed dynamic associa-
tive memory

Figure 3: Phase portrait of generated and desired trajectories

4. Application to Space Robot Reorienta-
tion

A free-floating space robot is subjected to the non-
holonomic constraint due to the angular momentum
conservation. The attitude of the satellite vehicle may
be changed during the manipulator operation. The sys-
tem’s orientation in the final state is not determined
uniquely by the specific configuration of the manip-
ulator since the final attitude of the satellite vehicle is
dependent on the trajectory of the manipulator. Us-
ing the characteristics, the satellite attitude can be con-
trolled. Shown here is a numerical simulation, where
a space robot changes its orientation by the cyclic mo-
tion of the manipulator that is generated by the pro-
posed DAM.

The mathematical model corresponds to the exper-
imental system[6] simulating a space robot where the
robot model composed of two SCARA type manipula-

Figure 4: Generated trajectory in configuration space

Figure 5: Time history of joint and attitude angles

tors and a satellite vehicle can move freely on a two-
dimensional planar table without friction by using air-
bearings. For the reorientation, the robot drives only
the shoulder and the elbow joints of one arm. The de-
sired trajectory is based on the trajectory planned in
references[7, 8]. Figure 4 illustrates the generated tra-
jectory and the desired trajectory in the configuration
space of the the shoulder angle θ1 and the elbow θ2 .
The generated trajectory converges to the desired as
time passes. Figure 5 is the time history of the joint
angles and satellite attitude angle θ0. Figure 6 shows
the motion of the space robot. The satellite attitude
changes gradually.

5. Concluding Remarks

This study has proposed the methodology to realize
the dynamic associative memory (DAM) that generates
rhythmic and cyclic motions of animals and insects.
The proposed DAM is based on the nonlinear oscilla-
tor and a Fourier series. It has the following character-
istics.



Figure 6: Motion of space robot through cyclic motion

(a) The desired cyclic trajectory can be a steady at-
tractor, which does not change as time passes.
Hence the generated trajectory is attracted to the
desired trajectory.

(b) The DAM can generate multivariable vector func-
tions.

(c) The DAM can generate the trajectory with the
specific approximation accuracy evaluated by the
mean squared error to the desired. The Fourier
coefficients give the best approximation to the de-
sired trajectory.

(d) The motion can start from almost any initial state
because the von der Pol’s oscillator is a limit cy-
cle that attracts all trajectories started form points
other than the origin.

(e) The proposed DAM can be realized by the NN
composed of the RNN and the LNN.

Effectiveness of the proposed method has been exam-
ined by the numerical simulation of the space robot re-
orientation by the cyclic motion of the manipulator.
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Movement through the world requires
that the environment be fully integrated and
understood. Biological systems are well known
to be superb at integrating sensory and motor
information during the production of movement.
In our daily interactions with the world we are all
familiar with the seamless way in which our
nervous system combines sensory and motor
information.  The optimization of this integration
has evolved over millions of years of natural
selection. We suggest that a useful strategy for
designing artificial organisms, that is robots, may
be to copy the methods seen in such evolved
systems. In this presentation, we will present
first some biological observations and then some
conclusions that seem most relevant to robotic
systems. Finally, we will briefly illustrate how
we have used the observations to implement
efficient control of a robotic limb. In the paper
by Lewis et al., this proceeding, these results are
presented in more detail.

        In the presentation by Trevor Drew (this
proceedings), the concept of a central pattern
generator (CPG) is introduced. Here we
summarize the basic notion. In biological
systems, it is well known that the motor output
from all studied rhythmic movements is
generated in part by neural circuits that are
capable of operating in the absence of sensory
feedback or external control (Delcomyn, 1980).
This holds, for example, for locomotion (Grillner
ref). These neural circuits generate a rhythmic
output that provides periodic forcing of the
required musculature. The neural circuits while
not requiring external control for their basic
operation, are highly sensitive to both sensory
feedback and external control from such
structures as the brain. The lamprey, a primitive
fish-like organism, like all other vertebrates
studied to date, has a CPG that provides periodic
neural activity to drive locomotion (Cohen
chapt). Such periodic forcing from spinal cord
circuits can be produced in the absence of

sensory feedback or brain input (Cohen and
Wallén, 1980). However, sensory feedback from
stretch receptive inputs along the spinal cord is
extremely effective in entraining the rhythm
(McClellan and Sigvardt, 1988).

The CPG in the lamprey and other
organisms, appears to be a distributed system of
coupled non-linear oscillators (Cohen, in press)
that have been modeled using dynamical systems
of non-linear differential equations (Cohen et al.,
1980; 1992). Each neural oscillator is
considered, on the basis of some experimental
evidence (Cohen and Wallén, 1980) to be a
single segment of the spinal cord with its own
preferred frequency. The coupling, that
maintains the whole ensemble at a single
frequency, is known to be bi-directional and
quite strong (Mellen et al., 1995)

It is clearly evident that sensory
feedback is required to provide information
regarding the status and position of an organism
in its environment, and the nature of that
environment. Feedback provides both a cycle by
cycle regulation of the rhythm and phase
dependent corrections elicited by perturbations.
The traditional view of sensory feedback to  the
spinal cord has been that the feedback provides
information regarding the position of the
organism in space. Appropriate to this role, the
feedback may  correct a CPG on a cycle by cycle
basis to maintain the organism in a proper
relationship to the environment (Rossignol, et.
al. 1988). For example, the hip joint angle of the
cat can trigger a new step cycle as the body is
propelled over its respective limb on the ground
(Andersson and Grillner, 1983). Pearson and is
colleagues have also recently found that stretch
of muscle spindles can trigger a new step cycle
through contractions of appropriate muscles. In
these ways, the cycle periods will accommodate
changes in the velocity of the animal (Pearson,
1995; Hiebert et al., 1996). Similarly, the



bending of the tail fin in dogfish or lamprey
entrains the swimming so that swim cycle are
appropriate lengths for the environmental
conditions (Grillner and Wallén, 1982). Thus, if
the body is not able to adequately bend against a
strong current, this will be compensated for by a
longer cycle. This type of sensory regulation is
accomplished at the level of the spinal cord and
requires no descending input although
descending input is likely to influence the
responses if present (Forssberg, 1979).  All
CPGs must have some stimulus that can trigger
or prolong a new cycle as necessary in order to
guarantee the CPG's movements are adaptive.

Another well documented role for
sensory feedback is to elicit reflexive responses
to environmental perturbations. This is also
accomplished at the spinal level where sensory
inputs are gated through the CPG during ongoing
activity (Rossignol, et. al., 1988). A sensory
stimulus can elicit phase dependent responses
that are quite unlike the reflex responses that
such stimuli would induce in the absence of CPG
activity. For example, an obstacle encountered
by the paw dorsum will produce an enhanced
flexion during the flexion phase of the step cycle,
but it will produce an enhanced extension during
the extension phase (Forssberg, 1979). This
guarantees that the limb is properly supported at
the moment that it is raised to avoid the obstacle.
The contralateral limb is also integrated with
such responses. That is, the limb opposite the
stimulus must be positioned to support the
responsive limb before it will flex over such an
obstacle (Hiebert et al., 1994). Such phase
dependent responses to perturbations are very
common across CPGs. For each rhythmic
movement there are classes of stimuli that elicit
such responses (Rossignol et al., 1988). In the
case of locomotion the response requires no
input from descending systems and is seen in
spinal animals as well as intact animals
(Forssberg, 1979).

 Both cycle by cycle and phase
dependent corrections are required for adaptive
locomotion. The interaction between the CPG
and sensory feedback can be shown to be
complex than these examples suggest (review,
Cohen and Boothe, 1999). For example, the CPG
feedforwards to the sensory receptor input to
provide a filtering mechanism. This type of
feedforward combined with feedback is
ubiquitous throughout motor control systems.

Another role for sensory feedback has
been suggested by Cruse and his colleagues
(1995) . They suggest that sensory feedback can
provide a gain setting mechanism. We have
recently found evidence that, indeed, in the
lamprey this is true (Kiemel and Cohen
unpublished).

To perform these experiments, we
dissect the spinal cord free from the brain, the
musculature and viscera. We then induce activity
in the isolated spinal cord of the lamprey by bath
application of an excitatory amino acid, D-
glutamate. The resultant motor output pattern is
termed "fictive swimming" because it is so
similar to the motor pattern seen during the
normal swimming of fully intact lampreys
(Wallén and Williams, 1984). Fictive swimming
in lampreys is typically highly stable and
periodic, and lasts continuously during the
exposure to excitatory amino acids.

When one bends the spinal cord during
fictive swimming, the rhythm can be entrained
by intrinsic stretch receptive mechanoreceptors
as noted by others (McClellan and Sigvardt,
1988). In addition to this cycle by cycle
entrainment effect, Kiemel and Cohen report that
the baseline frequency of the locomotor rhythm
is increased following the termination of the
bending, with the frequency increase decaying
only over one or more cycles. This slowly
decaying excitation (SDE) can be so strong as to
prevent entrainment by a bending at a frequency
slower than the baseline.

The bending required to elicit SDE is
very small, and the effect is seen with even one
cycle of bending. The SDE is also impacted by
the amplitude of the bending. Given the small
amplitude of bending that can induce the effect,
it seems highly likely that natural swimming in
the intact animal will induce just such an
increase in frequency of the CPG. Thus, it
appears that the gain of the system is increased
by the movement of the animal. Moreover, the
gain will be increased whenever the animal
begins movement. This type of slowly decaying
excitation seen in lamprey seems to be an
example of positive feedback. That is, the CPG
generates movement that in turn causes the CPG
to go faster. This phenomenon would also appear
to guarantee that movement persists until
actively terminated. There is also the implication
that the gain remains less than 1, as the system is



highly stable even with the bending (Prochazka
et al., 1997).

We have recently begun to use a semi-
reduced lamprey preparation. This preparation is
essentially the lamprey body in the absence of
the brain or tail, with the spinal cord exposed to
the bathing solution. Thus, the body is induced to
swim with the mechanical properties and sensory
feedback almost intact, and uninfluenced by the
brain. This preparation, therefore, allows us to
gain some insight into the roles of both
mechanical aspects of the body, and the sensory
feedback when interacting with the CPG, but
without the brain to filter it.

In this reduced preparation, we show
that the increased frequency caused by
movement is indeed a factor when the body is
driven by the CPG. In figure 1, above, we
present two sets of images to illustrate this. In
the upper set of images, the body is loosely
pinned at the rostral or head end of the body. In
the lower set of images, the body is pinned at the
caudal or tail end. The calibration bars indicate
one centimeter (vertical bar) and 0.33 seconds
for the head end pinned, and 0.66 seconds for the
tail end pinned. (horizontal bar). Note, that with
the head pinned there is more movement at the
free end of the body, than there is when the tail is
pinned. Presumably, this is because the tail is
thinner and provides less damping than does the
head end. It seems reasonable to propose that the
greater degree of bending at the tail end will

create a greater degree of frequency increase
than will the lesser movement of the head end.

Indeed, we find that the mechanical
properties of the body apparently do have an
impact on the degree of this increased frequency.
Thus, the increased amplitude of tail end
movement, while expected, causes an
unexpected alteration in the motor pattern as the
movement interacts with the spinal mechanism
for increasing the frequency of swimming. What
we see is that the head-end segments are not as
speeded up as the tail-end segments. If we
weaken the intersegmental coupling among the
segments with some acute lesions, we see, with
the head end pinned, that the alterations in the
frequency in the tail end segments can be so
great that it causes the head and tail segments to
lose their 1:1 phase locking. This is shown in
figure 2, below. The upper traces are with the
head end pinned; the lower traces are with the
tail end pinned. Notice, the head end pinned
produces bursting that is 2:1, with the tail twice
the frequency of the head. What impact this
would have on the intact animal is not yet clear,
but it seems likely to have an impact on the
phase lags between segments (cf. Cohen et al.,
1982).

From the insights into rhythmic
movements described above, we take several
principles that will be applied to the control of a
robot limb. The first is that locomotion is best
driven by a periodic feedforward forcing
mechanism that is similar to that of a non-linear



oscillator. Furthermore, sensory feedback will be
essential in stabilizing the pattern on a cycle by
cycle basis, and finally, that there will be a gain
control initiated by movement that will cause the
pattern to be increased in its frequency and
requiring an active termination mechanism. All
of these factors appear to improve the control of
a robot limb. These principles are demonstrated
in the accompanying contribution by Lewis et
al., this proceeding. Another example of similar
use of these principles successfully controlling a
limb is found the work of Kimura and his
colleagues (this proceeding).
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Abstract- We present a silicon chip realization of a basic
unit of locomotor control: the Central Pattern
Generator(CPG). This chip is very low power, uses a
minimum of chip space, and can be manufactured
inexpensively. Although the control systems of robots and
animals were designed by different agents, it appears that
a common computational paradigm, adaptive non-linear
dynamical systems, yields efficient implementations in
both natural an artificial systems. Here we give an
overview of a chip that implements this emerging
computational paradigm.

The chip uses 3 adaptive mechanism: (1) Firing rate
adaptation In the absence of sensory input the output
motoneurons have a stable firing rate; (2) Phase
resetting ’stretch receptor’ feedback can entrain the
CPG’s oscillator; (3) Interspike interval adjustment
compensates for dynamic variations in the mechanical
system.

1.0 Introduction
Both roboticists and biologist have an interest in
understanding the principles of locomotor control.
Although natural agents and synthetic agents are studied
under different disciplines in the artifice of human
organization, they both must adhere to the same strict
physical principles dictated by nature.

Evolutionary pressures largely dictate the design of
the internal control systems of natural agents. The
designer chooses the control systems of robots.

Walking machines and locomotory animals encounter
the same fundamental problems such as postural control,
coordination of contact points (limbs or body surface),
coordination with the environment using distal sense (e.g.
visuomotor coordination). Both systems would benefit
from compact, efficient controllers that minimize energy
usage and volume.

Even though these systems have different designers,
a common level of abstraction for both the study of
locomotion and its control may certainly be possible.

In this paper we present a recent work in creating a
synthetic control element a central pattern generator
(CPG) chip that mimics some properties of the basic
functional unit of natural control system, yet has the
potential for being the most efficient control system for
synthetic agents yet proposed.

It is well recognized that the physics of silicon is in
many ways analogous to the biophysics of the nervous
system [1]. Therefore, neuromorphic systems are often
implemented in silicon using as much of the properties of
device physics as possible.

We show that the circuit, consuming less than one
microwatt of power and occupying less than 0.4 square
millimeters of chip area (using 1.2 micron technology),
can generate the basic competence needed to control a
robotic leg running on a circular treadmill. Furthermore,
the circuit can use sensory feedback to stabilize the
rhythmic movements of the leg.

Potentially, this technology could provide
inexpensive circuits that are adaptable, controllable and
able to generate complex, coordinated movements. Such
circuits could be used in miniature systems to modulate
repetitive cyclical movements based on appropriate
sensory feedback. These systems could include miniature
walking, running, flapping and swimming machines.

The following is largely a synopsis based on [2]. The
reader is referred to the companion article for a review of
the principles of locomotor control in vertebrates.

1.1 Modeling CPGs on a Neuromorphic
Chip

CPGs are most often modeled as distributed systems of
non-linear oscillators. In our implementation the basic
coordination in the leg is achieved by phasically coupling
two neurons together to achieve oscillations. When
coupled together they are alternatively active. This
alternating activity is the basic coordination needed to
drive the hip of the robot. A phase control circuit governs
the phase difference between the neurons. These oscillator
neurons drive two integrate-and-fire motoneurons.
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In our experimental setup, the robot under control
uses servomotors. To be compatible with this technology,
it was necessary to low-pass filter the spiking neurons and
then integrate the resulting smooth graded velocity signal.

We will show the circuit in autonomous operation
and with sensory feedback from ’stretch receptors’ used to
reset the CPG. We also demonstrate a property of our
biomorphic leg: we show that our limb and its control
circuit not only produce stable rhythmic motion, but can
also compensate for intentional chip biases, environment
disturbances, as well as mechanical complexity of an
active hip and passive knee.

2.0 The CPG Chip
The CPG chip is designed to provide biologically
plausible circuits for controlling motor systems. The chip
contains electronic analogues of biological neurons,
synapses and time-constants. In addition, the chip also
contains dynamic analog memories, and phase
modulators. Using these components, non-linear
oscillators, based on the central pattern generators of
biological organisms, can be constructed.

The dynamical properties of the neural circuits can
also be adapted using direct sensory information. In this
first version of the chip, shown in Fig. 1, all the
components are individually accessible such that they can
be connected with off-chip wiring to realize any desired
circuit. In future versions, tested neural CPG circuits will
be integrated with completely hardwired or
programmable circuits.

2.1 The Hardware Components
In this section we describe the basic elements of the CPG
chip: the spiking motoneuron, the graded response neuron
and the (CPG) oscillator.

2.1.1 The Spiking Motoneuron
Our neurons use an integrate-and-fire model. A capacitor,
representing the membrane capacitance of biological
neurons, integrates impinging charge. When the
"membrane-potential" exceeds the threshold of a
hysteretic comparator, the neuron outputs high. This logic
high triggers a strong discharge current that resets the
membrane potential to below the threshold of the
comparator, thus causing the neuron’s output to reset. This
circuit therefore emulates the slow phase and fast phase
dynamics of real neurons. The process then starts anew.

2.1.2 Graded Response Neuron
In addition to spiking neurons, we make use of neurons
with graded response. These neurons are essentially the
same as the spiking neuron except that the hysteretic
comparator is replaced with a linear amplifier stage and
no feedback signal  is used.

2.1.3 The Oscillator
The neural circuits for creating the CPG are constructed
using cross-coupled square-wave oscillators. The output
of these oscillators drives the bursting motoneurons. A
master-slave configuration of the neurons allows us to
construct an oscillator with a constant phase relationship.
By setting the excitatory and inhibitory weights to equal
values, a square-wave with a duty-cycle of 50% is
obtained. The phase relationship between the two sides
can be varied. The frequency of oscillation is set by the
magnitude of the weights. This asymmetrically cross-
coupled oscillator serves as the basic CPG unit that can be

Figure 1. Layout of the CPG chip. Each component is
wired to pins to facilitate the prototyping of oscillator
circuits.

Figure 2. Adaptive control of a limb’s dynamics using a neural
CPG with learning capabilities.



modified according to the application. By injecting or
removing charge from the membrane capacitors of the
oscillator neurons, the properties of the CPG can be
altered.

For the experiments described here, a 180 degrees
phase relationship is required. Hence an inverted version
of one of the oscillators is used, as shown in Fig. 2.

2.1.4 The Neural Circuit
The complete neural circuit is given in Fig. 2. The output
of the basic oscillator unit is used to inhibit the firing of
the spiking motoneuron. When the oscillator output is
high, the motoneuron is not allowed to fire. This produces
two streams of 180 degrees out of phase spike trains.
These trains can be low-pass filtered to get a voltage
which can be interpreted as a motor velocity.
Consequently, the oscillator controls the length of the
motor spike train, while the spike frequency indicates the
motor velocity.

The spike frequency is regulated by a feedback loop.
Spiking places charges on the neuron membrane capacitor
seen in the lower part of Fig. 2. The integrated charges are
buffered and then used to down-regulate spike frequency.
In this way spike frequency is less sensitive to component
variations.

In the next section we describe two additional
sensory mediated loops that adapt the oscillator and the
motoneuron spiking.

2.2 Sensory Adaptation and Learning

2.2.1 Adaptation based on a ’stretch receptor’
As shown in Fig. 2, the oscillator neurons can be stopped
or started with direct inhibitory and excitatory sensory
inputs, respectively. When the inputs are received as
strong inhibition, the membrane capacitor will be shunted
and discharged completely. It will remain in this state
until the inhibition is released, then the normal dynamics
of the oscillator will continue from the inactive state.

Alternatively, if the sensory input is received as a
strong excitation, the oscillator will be driven into an
active state. When the excitation is released, the oscillator
will continue from the active state. Clearly, the charge-up
or discharge of the membrane capacitor will be influenced
by any direct sensory input. If the sensory inputs are
periodic, the oscillator outputs can be driven such that
they are phase locked to the inputs.

We use this property to mimic the effect of the
stretch reflex in animals. When the leg of an animal is
moved to an extreme position, a special sensor called a
stretch receptor sends a signal to the animal’s CPG
causing a phase resetting. This is mimicked in the circuit
presented here. Referring to Fig. 2, the leg may reach an
extreme position while still being driven by the oscillator.
In this case, a virtual position sensor, which mimics a
stretch receptor, sends a signal to ResetA or ResetB to

cause a resetting of the oscillator circuit as is appropriate
to cause a hip joint velocity reversal.

2.2.2 Spike Frequency Adaptation
The chip provides a short-term (on the order of seconds)
analog memory to store a learned weight. Clearly, this
architecture favors a continuous learning rule. Spikes
from the motoneurons are used to increase or decrease a
voltage on the capacitor of a graded response neuron. In
the absence of the training inputs, the stored weights
decay at approximately 0.1V/s. Figure 2 shows a
schematic for adapting the spiking frequency of the
motoneurons based on the swing amplitude of the limb.

3.0 Experimental Setup
The experimental setup consists of a small robotic leg, the
CPG chip, necessary components to interface the chip to
the robotic leg, a rotating drum treadmill and data
collection facility.

The robotic leg is a small (10-cm height) two-joint
mechanism. In our setup, only the "hip" is driven. The
"knee" is completely passive. The knee swings freely,
rotating on a low friction ball-bearing joint. A hard
mechanical stop prevents the knee from hyperextending.

The leg runs on a drum that is free to rotate under the
contact forces of the leg. As the leg pushed backward on
the drum it sets the drum spinning

The robotic leg has three sensors on it. These sensors
measure the angle of the hip and knee joints as well as
force loading on the foot. The hip sensor is also processed
to produced a ’stretch receptor’ type of signal. The chip is
integrated into the system as shown in Fig. 2.

4.0 Experiments
4.1 Running with a passive knee
In this experimental setup, the CPG circuit drives the
actuator in the hip joint. The knee joint is passive and
rotates with very little friction. The assembly is suspended
above a rotating drum. The CPG circuit is started.

Data is collected from three sensors: Foot pressure,
knee and hip. ’Stretch receptor’ sensory feedback from the
hip is used as feedback to the CPG.

4.2 Sensory feedback lesioning
This experimental setup is similar to the first

experiment. The difference is that sensory feedback is
lesioned (turned off) periodically. We collect data as
before.

5.0 Results
5.1 Running Results with a Passive Knee
A remarkable feature of this system is that the knee joint
adapts the correct dynamics to enable running (!). The
natural dynamics of this particular system allow the lower



limb to be driven in coordination with the higher limb,
even though the knee is passive.

A phase plot of the knee, foot and hip position and
foot contact is shown in Fig. 3. The bulk of the trajectory
describes a tight ‘spinning top’  shaped trajectory while
the few outlying trajectories are caused by disturbances.
After a disturbance the trajectory quickly returns to its
nominal orbit and we can infer that the system is stable.

5.2 Lesion Results
Next we lesioned the sensory feedback to the leg
periodically. Figure 4 shows the effect of lesioning on the
position of the hip and knee joints as well as the tactile

input to the foot. After lesioning the leg drifts backward
significantly due to a bias built into the chip. When the
sensory input is restored, the leg returns to a stable gait.

5.3 Gait Stability
Perturbations to the leg cause momentary disturbances.
As seen above in Fig. 3, several of the trajectories are
clear “outlyers”  to the typical orbit, and result from
environmental disturbances.

We found that sensory feedback could compensate
for both the bias of the chip and environmental
perturbations.

6.0 Conclusions
In this paper we present a hardware implementation

of a CPG model.  Our custom aVLSI chip, having only 4
neurons and occupying less than 0.4 square mm, has the
basic features needed to control a leg running on a
treadmill.

We conclude that the control of a running leg using
an aVLSI CPG chip is possible. We demonstrate that, at
least in this experimental setup, running is possible using
an under-actuated leg. Finally, we demonstrate a basic
adaptive property of phase resetting using a stretch
receptor.

It should be emphasized that the system being
controlled is non-linear and the chip itself uses non-linear
elements to control it. We have a coupled system of non-
linear elements. We make no attempt to linearize the
system. Instead we take advantage of the non-linearities.

Because (1) we do not make use of models, or
linearization, (2) we adapt principles from biological
systems, and (3) these principles can easily be
implemented with low-power integrated circuits, we are
able to achieve a very compact solution.  Further
experimentation with this system will allow us to
determine if a robot can be made to walk by coupling
together multiple circuits of the type presented here. The
current results, however, are promising.
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Figure 3. Hip, knee and foot-contact phase diagram.
Most of the trajectory is in a tight bundle, while the
outlying trajectories represent perturbations.

Figure 4.  This figure shows the effect of lesioning
sensory feedback. When the feedback is lesioned
(Time 11-19 seconds and 31-42 seconds), the hip
drives backward significantly. As it does the foot
begins to lose contact with surface and the knee
stops moving.  When the lesion is reversed at 19 and
42 seconds, the regularity of the gait is restored.
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Abstract

This paper deals with the design method of a control

system for a quadruped locomotion robot. The pro-

posed control system has a hierarchical architecture.

It is composed of a leg controller and a gait pattern

controller. The leg controller drives the actuators of

the legs by using local feedback control. The gait pat-

tern controller involves non linear oscillators. Various

gait patterns emerge through the mutual entrainment

of these oscillators. The performance of the proposed

control system is veri�ed by numerical simulations and

hardware experiments.

As a result, the system locomotes stably in a wider

velocity range by changing its gait patterns and the

amount of power required for locomotion is decreased.

1. Introduction

Locomotion is one of the basic functions of a mo-

bile robot. Using legs is one of the strategies for

accomplishing locomotion. Using legs for locomo-

tion allows the robot to move on rough terrain.

Therefore, a considerable amount of research has

been done on motion control of legged locomotion

robots. This paper deals with the motion control

of a quadruped locomotion robot.

The motion control of a walking robot has

generally been achieved using a model-based

approach[1][2] in which the inverse kinematics and

the inverse dynamics of the robot are prepro-

grammed and when the desired motion is given,

the motion of each link is controlled on the basis

of the inverse models.

In the future, a walking robot which can carry

out tasks in the real world, where the geometric

and kinematic conditions of the environment are

not specially structured, will be required. How-

ever, it is di�cult for the model-based control sys-

tem to carry out various tasks or to adapt to vari-

ations of the environment.

It is necessary to overcome the following di�cul-

ties in order to develop a walking robot which can

carry out tasks in the real world: One is motion

control of a large number of elements with nonlin-

ear interactions. The other is evolution of a task

speci�c motion pattern for many elements.

A considerable amount of study has been done

on the motion of animals from the viewpoint of the

dynamical systems theory [3] � [6]. These stud-

ies reveal that the body of an animal is composed

of a lot of joints and muscles, but during motion

many of such elements are organized into a collec-

tive unit to be controlled as if it had fewer degrees

of freedom and yet retain the necessary exibility

for changing internal and external contexts.

Recently, mechanisms of motion of animals have

been studied in the �eld of ethology. Cruse et al.[7]

have studied the locomotion mechanisms of insects

from the viewpoint of ethology. According to their

research, each leg autonomously repeats a forward

and backward motion periodically when the leg

has no mechanical interaction with the ground.

Each leg has a touch sensor at its tip and motions

of the legs interact with each other through the

input signals from the touch sensors. As a result,

a gait pattern that can satisfy the requirements

of the locomotion velocity of the properties of the

environment emerges. Kelso et al.[8] have inves-

tigated motions of animals from the viewpoint of

synergetics. Motion of animals result from the pro-

cesses of self-organization and a task-speci�c mo-

tion appears when a certain control parameter is

scaled to be larger than some critical threshold.

Knowledge of motion patterns of animals teaches



us some solutions to the problem of controlling a

lot of elements and the problem of forming a task

speci�c gait, walking pattern.

Based on the latest achievements of neurobiol-

ogy and ethology, a new approach to robotics has

been developed. Brooks [9]; [10] has proposed the

subsumption architecture as a principle of design

of an autonomous mobile robot which can carry

out tasks in the real world. The control system

is composed of behavior-generating units. Each

unit responds to the changes in the environment

and generates a stereotyped action. Responses

from all units compete with each other and one

of them determines the action of the robot. Using

the subsumption architecture, Brooks developed

a six-legged robot, Genghis to walk over a rough

terrain. Although the trajectory of the body was

not speci�ed, the robot successfully navigated on

a rough terrain.

This paper deals with the design method of the

control system of a quadruped locomotion robot

based on decentralized autonomous control. In

this method, a non-linear oscillator is assigned to

each leg. The nominal trajectory of the leg is de-

termined as a function of phase of its oscillator.

We design the local feedback controller for each

joint of the legs using the nominal trajectories as

the reference. Touch sensors at the tips of the

legs are used as triggers on which the dynamic in-

teractions of the legs are based. The mutual en-

trainment of the oscillators with each other gen-

erate a certain combination of phase di�erences,

which leads to the gait pattern. As a result, a

gait pattern that can satisfy the requirements of

the state of the system or the properties of the

terrain emerges and the robot establishes a stable

locomotion.

The performance of the proposed control system

is veri�ed by numerical simulations and hardware

experiments.

2. Equations of Motion

Consider the quadruped locomotion robot shown

in �gure 1, which has four legs and a main

body. Each leg is composed of two links which

are connected to each other through a one de-

gree of freedom (DOF) rotational joint. Each

leg is connected to the main body through a

one DOF rotational joint. The inertial and

main body �xed coordinate systems are de�ned

as [a(�1)] = [a
(�1)

1 ; a
(�1)

2 ; a
(�1)

3 ] and [a(0)] =

[a
(0)

1 ; a
(0)

2 ; a
(0)

3 ], respectively. a
(�1)

1 and a
(�1)

3

coincide with the nominal direction of locomotion

and vertically upward direction, respectively. Legs

are enumerated from leg 1 to 4, as shown in �g-

ure 1. The joints of each leg are numbered as

joint 1 and 2 from the main body toward the

tip of the leg. The position vector from the ori-

gin of [a(�1)] to the origin of [a(0)] is denoted by

r
(0) = [a(�1)]r(0). The angular velocity vector of

[a(0)] to [a(�1)] is denoted by !
(0) = [a(0)]!(0).

We de�ne �
(0)

i (i = 1; 2; 3) as the components of

Euler angle from [a(�1)] to [a(0)]. We also de�ne

�
(i)

j as the joint angle of link j of leg i. The rota-

tional axis of joint j of leg i is parallel to the a
(0)

2

axis.

Leg 4
Leg 1

Leg 2

Leg 3

[a(�1)]

[a(0)]
Main body

r
(0)

Figure 1: Schematic model of a quadruped

locomotion robot

The state variable is de�ned as follows;

qT =
h

_r
(0)

k !
(0)

k
_�
(i)

j

i
(1)

(i = 1; � � � ; 4; j = 1; 2; k = 1; 2; 3)

Equations of motion for state variable q are de-

rived using Lagrangian formulation as follows;

M �q +H(q; _q) = G+
X

(�
(i)

j ) + � (2)

where M is the generalized mass matrix and the

termM �q expresses the inertia. H(q; _q) is the non-

linear term which includes Coriolis forces and cen-

trifugal forces. G is the gravity term.
P
(�

(i)

j ) is

the input torque of the actuator at joint j of leg

i. � is the reaction force from the ground at the

point where the tip of the leg makes contact. We

assume that there is no slip between the tips of the

legs and the ground.



3. Gait pattern control

The architecture of the proposed control system is

shown in �gure 2. The control system is composed

of leg controllers and a pattern controller. The leg

controllers drive all the joint actuators of the legs

so as to realize the desired motions that are gen-

erated by the pattern controller. The pattern con-

troller involves non linear oscillators corresponding

to each leg. The pattern controller receives the

commanded signal of the nominal gait pattern as

the reference. It also receives the feedback signals

from the touch sensors at the tips of the legs. The

generated gait pattern is determined by the phase

di�erences between the non linear oscillators. A

modi�ed gait pattern is generated from the nom-

inal gait pattern through the mutual entrainment

of the oscillators with the feedback signals of the

touch sensors. The generated gait pattern is given

to the leg controller as the commanded signal of

the locomotion pattern of the legs.

Commanded

gait pattern

Pattern

controller

Leg

controller

Commanded

Trajectory

Signal of the

touch sensor

Figure 2: Architecture of the proposed controller

3.1. Design of the gait

3.1.1. Design of the trajectories of the legs

The position of the tip of the leg where the tran-

sition from the swinging stage to the supporting

stage occurs is called the anterior extreme posi-

tion (AEP). Similarly, the position where the tran-

sition from the supporting stage to the swinging

stage occurs is called the posterior extreme posi-

tion (PEP). We determine the nominal trajectories

which are expressed in the coordinate system [a(0)]

in the following way: First, we de�ne the nominal

PEP r̂
(i)

eP and the nominal AEP r̂
(i)

eA. The index �̂

indicates the nominal value.

The trajectory for the swinging stage is a closed

curve given as the nominal trajectory r̂
(i)

eF . This

curve involves the points r̂
(i)

eA and r̂
(i)

eP . On the

other hand, the trajectory for the supporting stage

is a linear trajectory given as r̂
(i)

eS . This linear tra-

jectory also involves the points r̂
(i)

eA and r̂
(i)

eP . The

position of each leg on these trajectories is given as

functions of the phase of the corresponding oscilla-

tor. The state of the oscillator for leg i is expressed

as follows;

z(i) = exp(j �(i)) (3)

where z(i) is a complex number representing the

state of the oscillator, �(i) is the phase of the os-

cillator and j is the imaginary unit.

The nominal phase dynamics of the oscillator is

de�ned as follows;

_̂
�
(i)

= ! (4)

The nominal trajectories r̂
(i)

eF and r̂
(i)

eS are given

as functions of the phase �̂(i) of the oscillator.

r̂
(i)

eF = r̂
(i)

eF (�̂
(i)) (5)

r̂
(i)

eS = r̂
(i)

eS (�̂
(i)) (6)

The nominal phases at AEP and PEP are de-

termined as follows;

�̂(i) = �̂
(i)

A at AEP; �̂(i) = 0̂ at PEP (7)

We use one of these two trajectories alterna-

tively at every step of AEP and PEP to generate

the desired trajectory of the tip of the leg r̂
(i)
e (�̂(i)).

r̂(i)e (�̂(i)) =

8<
:

r̂
(i)

eF (�̂
(i)) 0 � �̂(i) < �̂

(i)

A

r̂
(i)

eS (�̂
(i)) �̂

(i)

A � �̂(i) < 2�

(8)
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(i)

eP

AEP
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PEP

r̂
(i)

eP

AEP

r̂
(i)

eA

Figure 3: Trajectory of the leg

The nominal duty ratio �̂(i) for leg i is de�ned to

represent the ratio between the nominal time for

the supporting stage and the period of one cycle

of the nominal locomotion.

�̂(i) = 1�
�̂
(i)

A

2�
(9)

The nominal strideŜ(i) of leg i and the nominal

locomotion velocity v̂ are given as follows;

Ŝ(i) = r̂
(i)

eA � r̂
(i)

eP ; v̂ =
Ŝ(i)

�̂(i)T̂
(10)

where, T̂ is the nominal time period for a loco-

motion cycle.

3.1.2. Design of the gait pattern

The gait patterns, which are the relationships be-

tween motions of the legs, are designed. There are

three gait patterns in which two legs support the

main body at any instant during locomotion: In

the trot pattern legs 1 and 3 form one pair and legs

2 and 4 form the other pair, in the pace pattern

legs 1 and 2 form one pair and legs 3 and 4 form

the other pair, �nally in the bounce pattern legs

1 and 4 form one pair and legs 2 and 3 form the

other pair. In such patterns, phases of the pairs

of oscillators are coupled and the phase di�erence

between them are zero.

A shift of the phase di�erences between the cou-

pled oscillators by �
2
causes the gait pattern to

change from those explained above to the walk pat-

tern (Figure 4: The thick solid lines represent sup-

porting stages). In walk pattern, tree legs support

the main body at any instant during locomotion.

Walk pattern has two types; One is transverse walk

in which the legs 1,3,2 and 4 touch on the ground

in this order. The other is rotary walk in which

legs 1,2,3 and 4 touch on the ground in this order.

Each pattern is represented by a matrix of phase

di�erences �
(m)

ij as follows;

�(j) = �(i) + �
(m)

ij (11)

where, m = 1; 2 represent transverse walk pat-

tern and rotary walk pattern, respectively. m =

3; 4; 5 represent trot pattern, pace pattern and

bounce pattern, respectively.

Leg 1
Leg 3
Leg 2
Leg 4

Trot Transverse Walk

Figure 4: The trot and the transverse walk

patterns

3.2. Locomotion control

3.2.1. Trajectory controller of legs

The angle of joint j of leg i is derived from the

geometrical relationship between the trajectory

r̂
(i)
e (�̂(i)) and the joint angle. �̂

(i)

j is written as

a function of phase �̂(i) as follows;

�̂
(i)

j = �̂
(i)

j (�̂(i)) (12)

The commanded torque at each joint of the leg

is obtained by using local PD feedback control as

follows;

�
(i)

j = KPj(�̂
(i)

j � �
(i)

j ) +KDj(
_̂
�
(i)

j � _�
(i)

j ) (13)

(i = 1; � � � ; 4; j = 1; 2)

where �
(i)

j is the actuator torque at joint j of leg i,

and KPj , KDj are the feedback gains, the values

of which are common to all joints in all legs.



3.2.2. Gait pattern controller

We design the phase dynamics of the oscillators

corresponding to each leg as follows;

_�(i) = ! + g
(i)

1 + g
(2)

2 (i = 1; � � � ; 4) (14)

where g
(i)

1 is the term which is derived from the

nominal gait pattern and g
(i)

2 is the term caused

by the feedback signal of the touch sensors of the

legs.

Function g
(i)

1 is designed in the following way:

We �rst de�ne the following potential function.

V (�(i); �(m)) =
1

2
K
X
i

�
�(i) � �(j) � �

(m)

ij

�2

(15)

where matrix of phase di�erences �
(m)

ij represents

the commanded gait pattern de�ned in Eq.(11).

Function g
(i)

1 is then derived from the potential

function V as follows;

g
(i)

1 =�K

�
�(i) � �(j) � �

(m)

ij

�
(16)

Function g
(i)

2 is designed in the following way:

Suppose that �
(i)

A is the phase of leg i at the instant

when leg i touches on the ground. Similarly, r
(i)

eA

is the position of leg i at that instance. When leg

i touches the ground, the following procedure is

undertaken.

1. Change the phase of the oscillator for leg i

from �
(i)

A to �̂
(i)

A .

2. Alter the nominal trajectory of the tip of leg

i from the swinging trajectory r̂
(i)

eF to the sup-

porting trajectory r̂
(i)

eS .

3. Replace parameter r̂
(i)

eA, that is one of the pa-

rameters of the nominal trajectory r̂
(i)

eS , with

r
(i)

eA.

Function g
(i)

2 is given as follows:

g
(i)

2 = �̂
(i)

A � �
(i)

A (17)

at the instant leg i

touches the ground

The pair of oscillators form a dynamic system

that a�ect each other through two types of interac-

tions. One is continuous interactions derived from

the potential function V which depends on the

nominal gait pattern. The other is the pulse-like

interactions caused by the feedback signals from

the touch sensor. Through these interactions, the

oscillators generate gait patterns that satisfy the

requirements of the environment.

4. Stability analysis of motion

The steady locomotion of the quadruped locomo-

tion robot is strictly periodic and is characterized

by a limit cycle in the state space.

The stability of the limit cycle is examined in the

following way: First, four variables are selected as

state variables.

X 2 R4; X =
h
�
(0)

1 �
(0)

2
_�
(0)

1
_�
(0)

2

i
(18)

When the robot starts the locomotion under a

certain initial condition, the variable set X moves

on a certain trajectory in the four-dimensional

state space. If we choose a Poincar�e section us-

ing the timing when the tip of a leg touches the

ground, the �rst intersection of the trajectory of

X with the Poincare section is mapped as X0, and

for every intersection, the corresponding values of

X lead to a sequence of iterates in the state space.

X1 X2 � � � Xn � � �

The Poincar�e map fromXn toXn+1 is expressed

as follows;

Xn+1 = F (Xn) (19)

The �xed point �X is de�ned such that �X satis-

�es the following equation on the Poincar�e section.

�X = F ( �X) (20)

This Poincar�e map is approximated by use of

linearization around the �xed point.

Xn+1 �
�X =M(Xn �

�X) (21)

Stability of the sequence of points fXng is exam-

ined by checking the eigen values �k (k = 1; � � � ; 4)

of matrix M .

5. Numerical simulation

Table 1 shows the physical parameters of the robot

which are used in numerical simulations.



Table 1

Main body

Width 0.182 [m]

Length 0.338 [m]

Height 0.05 [m]

Total Mass 9.67 [kg]

Legs

Length of link 1 0.188 [m]

Length of link 2 0.193 [m]

Mass of link 1 0.918 [kg]

Mass of link 2 0.595 [kg]

Numerical simulations are implemented under

the condition that the nominal stride Ŝ and the

nominal gait pattern �(m) are �xed. The nominal

duty ratio �̂ is selected as a parameter.

The nominal time period of the swinging stage

is chosen as 0.20 [sec]. The frequency band width

of joints 1, 2 are given as 5.5 [Hz] and 9.5 [Hz] for

feedback gains of the joints, respectively.

We investigated the performance of the model-

based control system through numerical simula-

tion as a comparison with the performance of our

system. The model-based control system is de-

signed in the following way: The trajectories of

the legs are given as functions of time. The actua-

tors of the joints are controlled by using feedback

control with the desired joint angles as the refer-

ence signals.

First, we investigated stability of the proposed

control system, selecting duty ratio �̂ as a parame-

ter. The result is shown in �gure 5. CASE 1 repre-

sents the model-based control system, and CASE

2 represents the proposed control system. From

these �gures, we can �nd that the proposed control

system established stable locomotion of the robot

with a wide parameter variance for duty ratio �̂.

Variance of energy consumption of actuators Ec

is investigated, selecting duty ratio �̂ as a param-

eter. The results are shown in �gure 6. Energy

consumption of actuators Ec is de�ned as follows;

Ec =

<
X
i;j

�
(i)

j �
(i)

j >

< v >
(22)

where, < � > expresses the time averaged value

of �.

From �gure 6, we can see that the values of Ec

of the proposed control system and also their vari-

ance with respect to the variance of the duty ratio

is smaller than those of the model-based control

system.

In order to clarify the adaptability of the pro-

posed control system, we investigated variance of

the gait patterns, selecting duty ratio �̂ as a pa-

rameter. We investigated the variance of the gait

pattern according to duty ratio in the following

way: The states of leg i are represented by intro-

ducing the variable �(i) as follows;

�(i) =

8><
>:

1

1� �
Swinging stage

�
1

�
Supporting stage

(23)

Correlation between the swinging or supporting

states of leg i and those of leg j is de�ned as fol-

lows;

Wij =< �(i)�(j) > (24)

Each gait pattern is characterized by correlation

matrix Wij . Ŵ
(m) and W are the correlation ma-

trices according to the nominal gait pattern and

the actually obtained gait pattern, respectively.

The similarity between these two gait patterns is

de�ned as follows;

D(m) =
1

4
trace(Ŵ (m)TW ) (25)

Figures 7 and 8 show the similarity of gait pat-

terns D(m) with respect to duty ratio �̂ when we

used the proposed control system and a model-

based control system, respectively. From �gure 7,

we can �nd that although trot pattern is given as

the nominal gait pattern, similarity between the

obtained gait pattern and transverse walk pattern

increases as duty ratio �̂ increases. To the con-

trary, from �gure 8, we can see that the gait pat-

tern does not change from the given gait pattern

when we use a model-based control system.

Gait pattern diagrams for �̂ = 0:5 and �̂ = 0:75

are shown in �gures 9 and 10.

From these results, it is clear that the robot us-

ing the proposed control system adapts to variance

of duty ratio �̂ by changing the gait patterns, it

keeps the stability of locomotion in a wide param-

eter area, and suppresses the energy consumption.
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6. Hardware Experiments

The hardware equipment is shown in �gure 11.

The architecture of the hardware equipment is

shown in �gure 12.

Figure 11: The hardware model

Command Status DATA

DSP 320C44 

Personal
Computer

A/D Converter

D/A Converter

Counter

Actuator Driver

DC Actuator/
Encoder

Touch Sensor

Figure 12: The architecture of the hardware

equipment



The performance of the proposed control sys-

tem was veri�ed by hardware experiments. Fig-

ures 13.a and 13.b show the e�ects of duty ratio �̂

when the trot walk pattern is commanded. From

these �gures, we can see that the proposed con-

trol system works well on the hardware equipment

and realizes stable locomotion adaptively generat-

ing the appropriate gait patterns according to the

variance of duty ratio �̂.
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Figure 13: Gait pattern diagram

Commanded pattern: Trot

7. Conclusions

We proposed a control system for a walking robot

with a hierarchical architecture which is composed

of leg controllers and a gait pattern controller. The

leg controller drives the actuators at the joints of

the legs by use of high-gain local feedback based on

the commanded signal from the gait pattern con-

troller. Whereas the gait pattern controller alter-

nates the motion primitives by synchronizing with

the signals from the touch sensors at the tips of the

legs, and stabilizes the phase di�erences among the

motions of the legs adaptively. In this paper, the

nominal gait pattern is given as the command. In

the future, we are planning to design the control

system in which the nominal gait pattern is se-

lected or generated according to the state of the

robot. Using such a control system, it is expected

that adaptability of the robot to variations of the

environment will be highly improved.
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Abstract
Controlling the model of a movement system based on the
dynamics of biological hopping and running is investigated.
This movement system consists merely of a massless spring
attached to a point mass. It is describing fast three-
dimensional legged locomotion on even grounds. Rapidly
moving legged autonomous systems require different hard-
ware layouts and control approaches in contrast to slow
moving ones. The spring mass system is a model that de-
scribes this principle movement as well as the principle
control task. Multi-layer-perceptrons (MLPs) were used to
implement neurocontrollers suitable for such a movement
system. They prove to be suitable for exact control of the
movement with a relatively small number of neurons. This
is also shown by an experiment where the environment of
the spring-mass system has been changed from even to
uneven ground. The neurocontroller is performing well
with this additional complexity without being trained for it.

1. Introduction

Control of movement is an issue for robotics and
autonomous systems. For movement over ground,
wheels as well as legs can be used. Most artificial
movement systems use wheels while natural move-
ment systems employ legged locomotion. Wheeled
systems have some limitations like limited mobility or
immobility on irregular ground surfaces. For this
reason only about 50 percent of the worlds landmass
can be entered by wheeled systems [1]. Legged sys-
tems have potential to overcome such limits: only
discrete surface points are needed for leg placement,
not continuos surfaces. The movement of the body is
decoupled from the movement of the feet: This is a
form of active suspension. For legged systems high
movement velocities are desirable. To achieve this
ballistic movement, i.e. flight phases are necessary.
This results in landing impacts introduced into the
systems. Legged systems must be able to cope with
such impacts. This could be achieved by dimension-
ing bearings in a way that impact stress can be man-
aged. Such a design would result in relatively heavy
and large bearings. Also repeatedly introduced impact
shocks reduce stand times.
Results from research on natural fast moving systems
indicate that visco-elastic elements are used to effec-
tively handle impact energy [2]. These are able to

store and absorb impact energy. Using such elastic
elements is an intelligent principle of construction that
can be transferred to technical systems. Unfortunately
elastic elements combined with ballistic movement
phases make systems nonlinear and hard to control.
This requires high computational efforts which com-
plicates real time control. We therefore investigated
in the suitability of multi-layer perceptrons (MLPs)
[3] for implementing the control of dynamic move-
ment systems. Characteristic properties of neural
networks like fault tolerance, robustness and espe-
cially the ability to generalize make them a good
choice for controller designs. They can be trained
using available learning algorithms. Once trained they
offer fast response. This allows to build control
structures that provide online control which is essen-
tial for fast locomotion.

2. The Movement System

The movement system to be controlled is derived
from a model that describes human and animal run-
ning and hopping [4]. It consists of a mass-less spring
attached to a point mass that is jumping across even
ground in three-dimensional space (Figure 1). The
mass represents the body of the system  and the spring
its single leg. The motion of this system is divided
into two phases: The 'flight phase' where the mass’
trajectory is determined by gravity only and the
'ground phase' where the movement is determined by

Figure 1: The spring mass movement system jumping
across even ground in three dimensional space. (The figure
shows the system hopping in a plane with x = constant).



the properties of the spring as well as gravity. The
system is passive, i.e. mass, stiffness and length of the
uncompressed spring remain constant (see appendix
A).
The equations of motion during the ground contact
phase are:
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where x, y: horizontal deflections, z: vertical
deflection of the spring, g: gravitational acceleration,
k: spring stiffness, m: mass and l: uncompressed
length of the spring.
During the flight phase the equations of motion
become:

0=x�� (4)
0=y�� (5)
gz −=�� (6)

This dynamic system can be kept in motion (that is
preventing ground contact of the mass) by active
control only. The system has characteristic properties
similar to hopping machines developed by Raibert
[5]. It allows to reduce some of the complexity of the
real world system by maintaining the principle of
locomotion and the control task.

3. The Neurocontroller

A feedback structure is used to implement the neuro-
controller. The multi-layer perceptron has two classes
of input signals: control parameters from a higher
center (like desired speed or directions) and sensed
information on the observable system states. Output
signals are motor control data to drive the controllable
states of the movement system. The movement system
is situated in its environment (the world) and is expe-
riencing the immediate feedback of the environment
(situatedness and embodiment [6]).

3.1 Fixed and changing coordinates

The number of input parameters to the controller can
be reduced by using a designated Cartesian coordinate
system (a, b, c) for each ground contact phase (Figure
2). The direction of the a-axis is set so that it coin-
cides with the direction of the horizontal velocity
( yx ��, ) during the preceding flight phase. The origin of

the (a, b, c) coordinate system is placed in the projec-

tion of the mass onto the (x, y)-plane at touchdown.
With respect to this coordinate system the horizontal
velocity 

tdb  is always zero. For touch down the coor-

dinates become

( ) ( )22
tdtdtd yxa ��� += (7)

0=tdb� (8)

tdtd zc �� = (9)

expressed in (x, y, z)-coordinates (index td indicates
the values of the parameters at touch down).
The variables perceived are the legs’ angle of attack
(

toto ba ∆∆ , ) as well as the velocities (
toto ca �� , ) of the

mass at the point where the spring lifts off the ground,
i.e. the transitions between ground phase and flight
phase (index td indicates the values of the parameters
at take off / lift off). The parameter to be controlled is
the angle of attack expressed as (

tdtd ba ∆∆ , ) at 'touch

down' that has to be set in a way that the desired hori-
zontal velocity (

dd ba �

� , ) for the flight phase is reached

(index d indicates the desired velocity values; Figure
3).

Figure 2: The fixed and changing coordinates.

Figure 3: Control architecture: Inputs are the desired ve-
locities, Outputs of the MLP are the landing angles of the
leg and the observed states of the movement system are the
velocities and angles at take-off.



The control task can be solved using numerical meth-
ods. A supervised learning approach is therefore ap-
propriate to train the MLP. Training patterns for the
control of the movement system have to be generated.

3.2 Generating training patterns

The spring-mass systems’ equations of motion have
been solved numerically for representative values
covering the whole parameter space (see appendix B)
using a fifth order Runge-Kutta-Gill method. The
center of gravity trajectories have been numerically
determined for all combinations of parameter values
at touch down.
The initial and final states of a ground phase have to
guarantee that the hopping height before landing and
after take-off will be sufficient to move the leg into its
new position during flight phase without hitting the
ground. Data from center of gravity trajectories
meeting these conditions have been used to compute
the data patterns for the training set - based on the
initial state, possible final states of the preceding
ground phase were included as well as patterns for
negative horizontal velocities.
To ensure good control of the system MLPs have to
be trained with patterns that are representative for the
movement. For the spring-mass system, training pat-
terns have to cover the whole variety of possible
movement patterns - hopping in place, acceleration,
hopping at constant speed, deceleration and change of
direction. If these characteristic movements are not
sufficiently represented by the training patterns, the
trained MLPs will not be able to control the move-
ment of the system: the desired horizontal velocity
will not be reached. This may lead to undesired be-
havior of the system (e.g. unnecessary change of
direction, too fast or too slow movement, falling
down). Inadequate selection of training patterns has
not only an impact on the control abilities of trained
MLPs, but also on the number of training cycles
needed to learn the patterns. We selected representa-
tive data that covered the desired range of horizontal
velocities. This is underlined by simulations that were
made with desired horizontal velocities much higher
than those used during training. In this case - as ex-
pected - the MLPs were not able to control the
movement of the system. In order to reduce the num-
ber of training patterns, MLPs were trained only with
patterns for selected horizontal velocities at touch
down.

3.3 MLP - design

We have examined several different MLP architec-
tures with one or more hidden layers using sigmoid

activation functions [3]. Each hidden layer consisted
of between 5 and 10 neurons. The learning algorithm
used was back-propagation with momentum [7]. After
reaching the error goal, the MLPs were tested on the
quality of generalization using the samples that were
not used for training. The movement system was left
running with randomly changing velocities for more
than 10000 steps to ensure stability of the controller.
One layer of hidden neurons was not sufficient to
accomplish stable control of the spring mass system.
We had good results for most of the setups with two
layers of hidden neurons.

4. Results

For evaluating the trained networks test scenarios
were developed. The neurocontroller has been tested
under the following scenarios to gain information on
it’s capabilities: hopping in place, hopping a spiral,
hopping an eight and hopping a square.
In order to further evaluate the quality of the control
provided by the neurocontroller we tested our trained
MLP in an environment with uneven ground. We
introduced a stepwise changing surface describing the
surface height at the point of touchdown. For simula-
tion purposes this has the same effect as a continu-
ously changing ground, since only the height of the
ground at the position of touch-down is relevant for
the behavior. Still, the leg has to be brought forward
into the direction of the touch down point. The system
is of course limited in its movement by energy con-
straints. It has no means to change its total energy
during hopping. Therefore it is not able to hop over
unconstrained rough ground.

4.1.1 Hopping in place

Hopping in place is a difficult task compared to hop-
ping at high speeds. Even small deviations from the
vertical position of the spring result in a substantial
horizontal component of the take-off velocity. For the
typical human parameters of mass and spring constant
a deviation of 1° can result in horizontal velocities or
more than 0.5 m/s. Ideal hopping in place is therefore
not achievable in practice.
The neurocontroller is able to keep the system close
to the place the system should ideally be for hopping
in place. Figure 4 shows the behavior of the system
using a MLP with 7 neurons in the first and 9 neurons
in the second hidden layer for hopping on even
ground. The cyclic movement of the spring mass
system around a stationary point is due to a small
constant deviation in control output from the ideal
output. This cyclic effect originates from to  the  turn-



ing of the (a,b,c) coordinate system in the way that the
b component is set to zero.

Figure 4a: Movement course for hopping in place.

Figure 4b: Movement in the x-y plane for hopping in place.

4.1.2 Spiral

A combination of change of direction as well as
change of speed hopping along a spiral shaped course
on even ground has been chosen. Figure 5a shows that
the controller is able to direct the movement along the
desired velocity course and Figure 5b shows the spiral
movement plotted over the x-y-plane.

4.1.3 Eight

Another complex movement task can be found in
Figure 6a. The movement system is controlled to
follow the shape of the number eight by hopping over
uneven ground. The figure shows that the controller is
clearly able to make the system follow the prescribed
velocity curve. The influence of the uneven ground is

disturbing the movement of the system but it is still
capable of re-adjusting the movement of the spring
mass system. Figure 6b shows the movement plotted
over the x-y-plane. Even with the disturbances from
the uneven ground, the figure eight can be clearly
identified. The controller is performing well enough
with its control of the time-velocity course, that its
derivation, the time-place course remains in the de-
sired shape.

Figure 5a: Movement course for hopping a spiral.

Figure 5b: Spiral hopping in the x-y-plane

Figure 6a: Movement course for hopping of the figure eight
over uneven ground.



Figure 6b: Hopping an eight figure over uneven ground
plotted in the x-y-plane.

4.1.4 Square

A movement course following a squared figure is
giving information on the capability of the controller
to keep certain directions. Figure 7a shows the time
velocity course for several square figure across un-
even ground. The disturbances to the movement in-
troduced through the changes in the ground height can
be clearly perceived. Changes from the prescribed
movement course are regulated by the MLP to the
desired values. The movement over the x-y-plane is
shown in Figure 7b. The square figures are visible.
Deviations from the ideal figure are due to the influ-
ence of the uneven ground. The system can not sense
these deviations. This would be a task for a higher
hierarchy controller: It can adjust the desired velocity
that deviations can be compensated.
The neurocontroller is managing the untrained envi-
ronment introduced through the uneven ground very
well and allows for an exact control of the horizontal
speed. The actual velocity follows the desired velocity
by regulating the influence of the uneven ground
within a few steps. Even extreme changes in the de-
sired velocity are handled well - the MLP adjusts the
system in a few steps.

5. Related Work

Using neural networks for the control of legged
movement systems has been addressed by Beer et al.
[8] for hexapod autonomous systems as well as by
Berns et al. [9] for a six-legged robot modeled after
the stick  insect.  Other  groups  are  also  working  on

Figure 7a: Hopping squares over uneven ground.

Figure 7b: Hopping square figures over uneven ground
plotted in the x-y-plane.

control of legged systems with little or no elastic
elements included. These systems are moving only
slowly due to this construction principle. They control
leg trajectories – when using elastic elements the
trajectory is determined by material laws and only
initial conditions are set by the controller. Exploiting
ballistic movement for locomotion in the walking
robots mentioned above is not desired nor possible. It
would lead to very complex control problems. The
approaches that demand static stability are another
reason for the slow movement.
Simple dynamic movement has already been under
investigation in many projects mostly in the form of
the pole-balancing control task (e.g. like Anderson
[1], Ritter [10], Widrow [12]). There are no applica-
tions for the design of walking machines though.
Control of a dynamic movement system like the 3D-
Hopper [5] has been partly addressed by Atkeson et



al. [13] using neural networks to improve the original
look-up table control.
We have investigated on MLPs for the control of two
dimensional spring mass systems [14]. They have
proven to be successful for effective and exact con-
trol. Our investigation in Radial-Basis-Function Neu-
ral Networks  for the control of such two dimensional
spring-mass movement system has shown to give
controllers of comparable performance but at the
price of higher computational cost [15]. Experiments
with controllers based on Self-Organising Motoric
Maps (Ritter et al. [10]) have yielded unsatisfactory
results [16].

6. Conclusion and Outlook

The implemented neurocontroller based on MLPs is
capable of exactly controlling the hopping and run-
ning system in three dimensional space. The neuro-
controller learned from the given examples to gener-
alise untrained input/output values, i.e. to run at un-
trained speeds. It did not only perform well on the
trained flat surface but also on uneven terrain. MLPs
are a suitable way to implement a control task that has
been solved separately. Using this approach permits
building fast controllers that can provide real time
control This is essential for dynamic movement sys-
tems.
Where modeling the control task explicitly is not
possible or too expensive reinforcement approaches
might prove successful. We are currently investigat-
ing in reinforcement based learning algorithms for the
control of movement systems: an approach using
MLP based reinforcement learning like TD(λ)- [17]
or Q-learning [18] seems to be promising for future
work on non-supervised control of dynamic move-
ment systems.
High speed of locomotion is an issue for future artifi-
cial walking machines and elastic elements seem to be
promising for implementation.

Appendix A

The constants of the spring mass system where set to
physiological relevant values (Table A) taken from
[4].

Table A: System constants

Constant M k l
Value 60 kg 10 kN/m 1 m

Appendix B

Polar coordinates were used to solve the equations of
motion of the spring mass system (Table B). This is
done in order to achieve an even spread of initial
states. 

tdϕ  is the direction of the spring at the point of

touch down in the x-y-plane, 
tdϑ  is the angle of attack

of the leg with respect to the x-y-plane and
(

tda� ,
tdb� ,

tdc� ) are the velocity components at touch

down.

Table B: Initial states for numerical solution

Parameter Range In steps of

tdϕ πϕ 20 <≤ td π/90

tdϑ
22

πϑπ ≤≤− td
π/90

tda� 99 ≤≤− tda� 1m/s

tdb� 0

tdc� 40 ≤≤ tdc� 1m/s
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Abstract

This paper describes the augmentation of our concept for
the locomotion control of multi-legged walking machines.
The concept is based on a neural control with artificial re-
flexes to react on sensor input. It is improved with the help
of new sensorics as well as an internal ground map, build
up with sensor information. Parts of the general concept to-
gether with the used sensorics are introduced. The ground
map and its generation as well as the collaboration between
the different reflexes are shown. The presented methods are
applied to the six-legged TARRY I and TARRY II, but they
are applicable to many other types of walking machines.

1. Introduction

The aim of the TARRY project is to realize autonomous
walking in unknown and rough terrain. TARRY I and
TARRY II, the machines we use to verify our soft-
ware in the real world, were designed and manufac-
tured in 1992[1] and 1999[2]. They are modeled ac-
cording to the walking stick insectcarausius morosus,
where TARRY II has undergone many subtle changes
that were derived from our experience with its prede-
cessor TARRY I.

Both TARRY robots have six legs with three rota-
tional joints each. The joints are modeled with servo-
motors used in airplane modeling normally. The whole

Figure 1: Walking stick insectcarausius morosus

structure is built to be as light as possible to allow a
relatively high payload or a larger area of feasible mo-
tions. The machines are equipped with several sensors
that are discussed below. Most important are to con-
tact sensors in the feet to detect ground contact and the
current measurement in the hip servos the recognize
leg collisions.

To enable locomotion in different kinds of terrain we
use a combination of several techniques. As a basis for
walking in standard gaits we generate and optimize a
set of walking patterns. These patterns are based on
the machine’s kinematics and a set of sixteen walking
parameters (see table 1). Some of them are obvious as
velocities in x- and y- direction and angular velocity
around the z-axis. They are supplemented by values
for roll and pitch angle as well as superimposed oscil-
lations etc. These parameters together with the kine-
matical model of the machine are fed into the software
library WALKING LIB[3] creating the needed walking
patterns. The WALKING LIB creates the foot trajecto-
ries in cartesian coordinates or derives the joint angles
via inverse kinematics.

These generated walking patterns are used to train a
set of six neural networks (see figure 3), one for each
leg, with the basic gaits. Their input values are also
tied to a pacemaker to secure synchronization of the
legs. The networks are feed forward networks that are
trained by standard backpropagation algorithms[4].

Figure 2: Walking machine TARRY II in motion
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Figure 3: Neural Network

Table 1: Parameters of gait generation

Name Meaning
XDot Velocity in x-direction
YDot Velocity in y-direction
OmegaZ Angular velocity around z-axis
StepWidth[ ] Step width per pair of legs
StepHeight Step heigth
StepDuration Step duration
RollAngle Angle of rotation around y-axis
PitchAngle Angle of rotation around x-axis
DutyFactor Duty factor
BodyHeight Height of body above ground
StanceCenter[ ] Stance center per pair of legs
Phase[ ] Phase difference per pair of legs
AmplitudeX Ampl. superimp. osc. (x-dir.)
PhaseX Phase superimp. osc. (x-dir.)
AmplitudeY Ampl. superimp. osc. (y-dir.)
PhaseY Phase superimp. osc. (y-dir.)

To train the neural networks a simplified set of in-
put parameters together with the joint angles of the re-
spective leg as outputs are used. Each of the six net-
works has six input neurons that are velocity in x- and
y-direction, angular velocity around the z-axis as well
as the body height for the individual leg. As already
mentioned a pacemaker, giving two additional inputs,
synchronizes all networks.

All sets of walking patterns as they have been cre-
ated are only suitable for walking on even terrain.
None of them is able to facilitate walking in rough ter-
rain in the original combination.

To provide useful propulsion in rough terrain the
given trajectories have to be adapted to meet the real
environment. To do this, a set of sensors is used to ob-
serve the state and the properties of certain elements of
the walking machine and to react in convenient ways.

These reactions, also called reflexes in the follow-
ing, are able to initiate an adaptation of the input val-

ues of each neural network. On the one hand they can
cause local reactions, which provide only changes to
one leg. This method is used for small corrections. On
the other hand they are able to manipulate the input
values of all legs. This behavior is called a global ac-
tion and is taken for large corrections or changes that
demand cooperation between all legs, such as changes
of direction of locomotion or the orientation.

With these coded reflexes the machine is able to
climb or avoid obstacles, to walk over bumps and small
holes as well as balancing slopes just by rearranging
the input of the networks trained with basic gaits.

2. Sensorics

The robots have several types of sensors. As already
mentioned, the most important part are the ground con-
tact sensors mounted ineach foot. They enable the
machine to detect whether a foot has ground contact
or not. They are simple switches just delivering binary
information. Another important element, needed for
proper locomotion is the measurement of the servo mo-
tors’ current to detect collisions with obstacles. These
sensors deliver sufficient information to initiate the so
called Levator-Reflex, also observed at the walking
stick insect. In addition the servomotors are able to
measure their own angular position.

These two sets of main sensors are completed by
several other input sources. To get the information
about the load the middle segment ofeach leg has been
equipped with four strain measurement gauges. This
enables the robot to improve the ability to detect ob-
stacles that do not come up in the longitudinal axis of
the walking machine. To give the machine the ability
to level its own orientation as well as to enable the in-
ternal model to identify its relation to the environment
an inclinometer with two axes has been installed.

Most of the data the sensors deliver is smoothed and
filtered to get reasonable information, suited for further
processing.

3. Artificial reflexes

To meet the current environmental conditions several
different modules are working to propel the machine
in a useful way. This cooperation is done by reflexes
of different levels where some of them have to rely on
the information others have gathered or even have to
delegate some tasks to them.

The most important of the implemented reflexes are
the reflexes to overcome obstacles and to secure proper
standing. They are followed by a reflex to correct the



Figure 4: Schematic view of some reflex actions

machine after slipping from an obstacle, to lift or lower
the body to a reasonable body height and body orien-
tation. The lowest level is formed by reflex actions to
navigate the machine, such as the ultrasonic module.
An ultrasonic sensor scans the environment in front
of the machine for large obstacles. If an obstacle in
the current walking direction is detected the course is
changed to pass by. The lower levels are only able to
change values if they do not interfere with other reac-
tions as they are supposed not to disturb critical events
that demand instant reaction.

3.1. Securing ground contact

To secure proper ground contact the former pattern
based approach[1] has been replaced by a neural net-
work based method. Although the simple usage of the
pattern-based approach is appealing it has two major
drawbacks. It just works with selected gaits just as
tripod gait and it does not take the inaccuracies and
elasticity of the machine into account, as it just com-
pares the current stance pattern with two fixed stance
patterns.

The chosen neural approach relies on the real ma-
chine as model for itself. The machine walks on a
plane with its basic gaits and the arising stance patterns
combined with the belonging pacemaker information
are recorded. This information is taken to train a neu-
ral network with the pacemaker as input and the stance

pattern as output values. This method has the addi-
tional advantage, that leaps in the pattern on hitting
the ground get smoothed in the output. During nor-
mal walk the current stance pattern is compared with
the response of the network to the current pacemaker
position, creating a correction if some values are not
met.

3.2. Leveling the machine

To be able to fully level the machine, a sensor to de-
tect the inclination of the robot has to be used. Be-
fore this sensor had been mounted the machine tried
to achieve horizontal alignment by using information
about the leg angles as well as the assumption of a
plane ground. This method has been comparatively
successful although it was not able to detect slopes e.g.

With the addition of the Analog Devices ADXL 202
accelerometer[5] the machine gained the ability to
measure its angle in relation to the gravitation. The
strategy to level out the measured angle relies partly
on the other implemented reflex actions. To put the
robot into horizontal orientation the geometric charac-
teristics of the machine are used. Although the WALK -
INGLIB provides some parameters for the creation of
walking patterns with roll and pitch angles (see ta-
ble 1) another approach has been taken. To use the
roll and pitch angles inside the neural control it would
have been necessary to extend the number of input neu-



rons. To avoid this and keep the simple structure of the
neural control a pure geometrical approach has been
taken to change the inclination of the robot. In princi-
ple the geometric properties of the machine are chang-
ing periodically during a walking cycle, as shown in
figure 5. Under normal conditions this effect only oc-
curs in longitudinal direction, as the relative contact
points change during the support phase of the feet, but
depending on the situation even the traversal geometry
could change.

The main part of the control strategy to align the
machine to a horizontal state is based on a simple p-
control changing the height of the body for the indi-
vidual legs. With values that have been determined
experimentally before, raise and lower commands for
each leg are generated. Due to the geometric problems
described above, this can cause a leg to take off the
ground. The reflex to level out the machine does not
take this into account but instead relies on a collab-
orating reflex. As a leg looses contact the respective
reflex takes place automatically. It forces the leg lift-
ing too early, to move back towards the ground, thus
guaranteeing a secure standing.

The necessary parameters as the amplification of the
controller have been derived experimentally to secure
fast as well as stable control of the inclination. The
control mechanism is able to deal with small changes
as they occur in normal walking as well as with seesaw
like situations.

If large changes in inclination occur over a short pe-
riod of time the machine stops walking to adjust to the
new situation. By this mechanism it is also possible to
deal with the large changes that occur if the machine
has climbed an obstacle and slips down.

4. Ground map

The coordination of the walking stick insectcarau-
sius morosusis built in an extremely decentralized

Figure 5: Geometric proportions of TARRY II

Figure 6: Alternating beams as obstacles

manner[6], working with stimulating and repressive
excitements. The system does not seem to affect the
feet height of lateral neighboring legs. Due to this the
subsequent legs also collide with an obstacle, even if it
has been hit before.

This was the same with the walking machine
TARRY. But as we use a more centralized approach
we are able to create a global repository for informa-
tion the machine gathers. To take the inaccuracy of the
robot and its relatively poor repetitiveaccuracy into ac-
count, we just memorize the small area directly below
the machine enlarged by a reasonable border.

Due to the machines knowledge about its current an-
gular servo positions and the feet with ground contact
it is able to determine the position of the feet in a body
fixed frame. Together with the orientation of the body
the information about the relative height of the ground
can be achieved. With this information a local map is
constructed. As the machine itself has no idea about
its geometry it is not able to compute the cartesian
position of the feet with the known joint angles with-
out help. To get this information, the WALKING LIB

provides an internal model for the machine that is up-
dated permanently. The current joint and inclination
angles are given and the model calculates the feet po-
sitions that can be used to update the internal map. The
mapped area is moving with the machine. With an en-
largement of these foot contact points to areas the ma-
chine is able to adapt the height of the successional
feet before a collision takes place. As a result the ma-
chine bears recently detected obstacles in mind to pass
by fluently and without interruption after the first col-
lision has taken place.

An example for an obstacle configuration is given in
figure 6. The machine approaches a set of alternating
obstacles. At this point the map looks like in figure
7a. As there has been no disturbance the map con-
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Figure 7: Graphical representation of an evolving ground map

sist just of one level, indicated by the plain gray color.
In fig. 7b the machine has taken the first three obsta-
cles, that are now marked as light spots, denoting the
elevated ground. Due to inaccuracies the dark trail in
the upper left area has been created. As reaction to lost
ground contact detected by the respective reflex the last
left leg had to be lowered to reconstitute the contact. In
fig. 7c TARRY II has passed all obstacles with at least
one leg as they are marked in the map. Some more
areas have been marked as lower-leveled, as described
above. Finally in fig. 7d all obstacles have been passed
completely. The inexactness of the detected ground be-
gins to converge to the real, even ground, now.

As one can see in the video belonging to this
example[7], the machine has been able to pass this con-
figuration much faster and without unnecessary inter-
ruptions.

5. Conclusions

The control strategy of the TARRY walking machines
utilizes a set of basic gaits learned beforehand to
achieve movement. These basic gaits are created with
a kinematical model and a set of parameters with the
help of the WALKING LIB. They are adapted due to

sensor input by different kinds of reflex actions to cre-
ate a proper leg motion. The different reflex actions are
initiated by different kinds of sensor signals. Some of
them work completely local with their own data, oth-
ers rely on an internal model of the machine or on data
that has been stored in a central repository. With these
methods the machines are able to walk through differ-
ent kinds of rough terrain. They are able to memorize
the explored environment for a short time and to react
according to this knowledge. In addition they are able
to adapt their orientation according to the information
of the inclinometer.

In future applications the robot should be able to
adapt some of the internal parameters online as a re-
action on recent explorations.

Acknowledgments

The TARRY project is supported by the German Re-
search Council (DFG) within the scope of the special
research program ”Autonomous walking”.



References

[1] Amendt, Oliver: Neuronale Steuerung eines insektenar-
tigen Schreitroboters. Düsseldorf : VDI-Verlag, 1995
(Fortschritt-Berichte VDI Reihe 8 Nr.483, Dissertation,
Universität – GH Duisburg)

[2] Frik, Martin; Guddat, Martin; Karatas¸, Michael; Losch,
Dirk C.: A novel approach to autonomous control of
walking machines. In: Virk, G. S. (Editor); Randall,
M. (Editor); Howard, D.(Editor):Proceedings of the
2nd International Conference on Climbing and Walking
Robots CLAWAR 99, 13–15 September, Portsmouth, UK.
Bury St. Edmunds : Professional Engineering Publish-
ing Limited, 1999, p. 333–342
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Abstract

A novel, miniature robot designed to use its two arms for
both manipulation and locomotion is described. Intended for
military and civilian surveillance and search-and-rescue
applications, the robot must be small, rugged, and
lightweight, hence the desire for dual-use. The robot consists
of two, three-degree-of-freedom arms that can stow
completely inside the 75 mm diameter cylindrical body for
ballistic deployment. Its design is loosely biologically
inspired, but heavily constrained by sponsor demands. This
paper describes the mechanism and design motivation as
well as three novel locomotion gaits and a fourth
conventional gait.

1  Introduction

The design of this small robot was biologically inspired
in the sense of vague resemblance to biological organisms
[1]. This is in contrast to the work of Beer et al [2], for
example, in which biological organisms are rigorously
studied and relevant lessons are adapted to mechanisms, or
Pratt et al [7], for example, in which biological mechanisms
are emulated. Rather, I took inspiration from mice, raccoons,
and insects and melded them with the decidedly non-
biological constraints of my DoD (U.S. Department of
Defense) sponsors -- the desire for gun-launchability being
a prime example of a non-biological constraint. 

The project is aimed at investigating adaptation of very
small, rugged, highly resource constrained robots with novel
locomotion modes. The target applications are stealthy
surveillance and reconnaissance (civilian SWAT teams and
the military) and search and rescue after cataclysmic events
(natural disasters or major military engagements).

Our primary design is a 40 mm diameter cylindrical
robot that is 110 mm long. This robot [15], shown in
Figure 1, uses two modes of locomotion: rolling and
hopping. Unfortunately, it possesses no ability to manipulate
(other than pushing). While manipulation is not required for
surveillance, it could aid in “active camouflage” for
improved stealth and in active path clearing for search-and-
rescue. It also opens up many possibilities for additional
missions.

The resource constraints prevent merely adding arms to
the existing “Scout” robot. Every cubic centimeter of
mechanism would displace approximately 420 mW-hr of
battery power. (For comparison, the CPUs consume around
40 mW while wheeled locomotion consumes from 180 - 600
mW, depending on terrain.) Instead, I chose to design a new
robot based on dual-use: arms that serve as both
manipulators and locomotors.

The dual-use concept was inspired by raccoons and
some insects that use their legs as manipulators. This makes
for efficient use of mechanisms, but dual-use generally
implies sub-optimality for either use. Due to our space and
power constraints, “mechanism efficiency” is of greater
concern. Although I’m not aware of any biological creatures
that normally possess only two limbs and drag their bodies
along the ground, as in the robot described here, insects have
been demonstrated to adapt to the loss of limbs.

This paper focuses on the design of the
“TerminatorBot” mechanism and the novel (and
conventional) gaits that it uses for locomotion. The aspects
of adaptation of those gaits to varying terrain are currently
under investigation and will be presented when comparative
results are available.

Figure 1: An example of the primary “Scout” mobile 
surveillance robot.
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2  Prior Work

Mobile manipulation is an area of research that has not
been extensively addressed in the robotics community.
Manipulators have been placed on mobile robots before (in
fact, commercial offerings from Nomadic Technologies and
RWI include various “manipulators” as options, including
PUMA robots), but they have generally been treated
disjointly. Sandia, for example, has put Schilling arms on a
variety of platforms for teleoperation in hazardous
environments (e.g. [8]). Carriker, et al integrated the path
planning of low-DoF subsystems, but motion operations and
design for each were treated separately [3]. Khatib has done
significant work in integrating the motion control of arms
and mobile bases through the Operational Space formulation
[6], but has not performed visual servoing nor are the
mechanisms dual-use. Brachiation robots, which use arms
for locomotion by swinging like a gibbon, have also
received some study (e.g. [9]), but current mechanisms are
incapable of manipulation.

A few robots have been considered with dual use
design. SM2 and DM2 at Carnegie Mellon ([12] and [13],
respectively) and PolyPod/PolyBot at Stanford/Xerox ([16])
are notable examples. SM2 and DM2 are symmetric,
biologically inspired inch-worm-like robots with grippers at
each end. The robots are designed to walk around the outside
of the space station to perform repair and inspection tasks.
PolyPod is a modular serpentine manipulator of many
similar joint modules designed with both manipulation and
locomotion in mind. 

Hirose’s snake-like robots [4] have been investigated
for both locomotion and manipulation with great success
(and complexity). These are also clearly biologically
inspired, as well. Several additional summaries of work on
biologically inspired robotics (such as [1]) are well known to
AMAM conference attendees.

3  Target Applications

With its reconfigurable payloads and dual locomotion
modes, the Scout robot pictured in Figure 1 is quite capable.
Rolling is fairly power efficient and hopping enables it to
overcome obstacles, which are common for a robot only 40
mm tall. Unfortunately, while the hopping is required for
practical mobility, it is rather time and power inefficient due
to the inefficiency of the winch mechanism. Navigational
certainty is also very low for hopping. The distance and
direction of travel is poorly known and orientation in the
plane upon landing is completely random.

Its small size and stealth are useful for military and
civilian uses. As mentioned, equipped with a camera or
microphone Scouts could be used in search-and-rescue
operations following natural disasters (e.g. earthquakes) or
terrorist actions (e.g. Oklahoma City bombing). There is

also potential interest from civilian SWAT teams in hostage
situations and police standoffs. These are natural military
uses, as well, particularly in urban warfare environments
that involve civilians. Surveillance robots of this size could
be carried and deployed by warfighters, keeping the
warfighters out of the line of fire and minimizing the risk of
civilian casualties in the “heat of the moment.” 

With vibration detecting payloads, Scouts can be
deployed along a roadside to discretely monitor traffic for
unique vibration signatures indicating heavy equipment or
large troop movements. Finally, it has been suggested they
could be used to carry small distributed explosive charges
that can be amassed to sufficient volumes through their
numerosity. This can serve for demolition of specific targets
or detonation of land mines or other unexploded ordnance.

While the Scouts’ dual locomotion modes are necessary
to achieve many of these missions in real environments,
there are concerns they may be inadequate for particular
scenarios, hence the investigation of alternate designs. For
example, the Scouts would be most useful in search-and-
rescue operations in which the damage is too severe and
constricting to send in dogs (which arguably will be superior
to robots in sensing for the near future). But large amounts
of rubble within extremely cramped spaces may thwart both
locomotion modes of the Scouts (too much rubble to roll, too
little headroom to hop). A crawling robot such as
TerminatorBot could fill this niche in which available
headroom is, on average, just a few times the rubble size.

In surveillance tasks, it is desirable for the robot to
conceal itself. The Scouts will only be able to make use of
existing open spaces such as underneath furniture. A robot
with manipulators could actually pull objects over itself,
creating its own cover and enhancing its stealth. A
miniature, telescoping pan/tilt unit has been developed to
facilitate such stealthy surveillance, too [14].

The idea of many small robots amassing a useful charge
from small, insignificant explosives has been suggested by
researchers in a number of scenarios. The main problem
with this idea is that the efficiency of explosives is highly
dependent on their placement. A bunch of mobile robots
with no ability to manipulate would amass a rather
inefficient bomb. Just one or two robots with the ability to
locomote and manipulate could carefully place the charges,
demanding many fewer trips to achieve a given objective.

Finally, in many of these scenarios, the ability to dig or
burrow in light soils is be beneficial. This could provide
camouflage during surveillance, additional access during
search-and-rescue, and an alternate detonation means during
de-mining.

4  Mechanism Design

The robot consists of a cylindrical body with two 3-
degree-of-freedom (DoF) arms that can fully stow inside the



body (Figure 2). The ultimate goal is to fit the 40mm
diameter form factor of a launchable grenade, but the current
prototype is approximately two times oversize with a
diameter of 75 mm and maximum reach of each arm of 170
mm.

Two gearmotors within the body drive a 2-DoF shoulder
joint through a differential. This arrangement couples the
torque of both motors through the same axis of rotation for
pure motions around the principal axes. Encoders on each

Figure 2: CAD rendering of TerminatorBot in the stowed 
configuration.
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Figure 3: Internal parts of the TerminatorBot in the stowed configuration. Bearings and some other parts are not 
illustrated.
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motor provide position feedback for positioning link 1. The
gearmotors have a relatively low ratio of 17:1, but an
additional reduction stage in the form of a 15:1 worm gear
boosts the total gear ratio to 255:1 and prevents back-driving
the motors. Back-drivability is bad for power conservation
in this case. 

The first link is 100 mm in length and 23 mm in width,
allowing the inclusion of the gearmotor and encoder for the
third joint within. A right-angle gear arrangement transfers
torque to a traditional 1-DoF elbow joint that drives the
70mm second link. Incorporated into the joint are torque
sensors for direct measurement of joint torque at the point of
application. Force/torque sensing is incorporated for use
during manipulation of objects and also to enable servoed
back-drivability of the gear train.

The torque sensors include a number of important
design features to increase their utility. Each sensor wheel
(see Figure 4) is designed to provide two axes of force/
torque. A traditional torque sensor (see cross-section in
Figure 5) consists of four to eight radial flexures arranged
with regular spacing about the center point [10]. By biasing
the distribution of flexures toward a single diameter, as in
Figure 5, the sensor is made more sensitive to forces along
F. As in a multi-axis wrist force/torque sensor, the flexures
can be used to sense multiple components. But a common
problem with multi-axis sensors is maximum load capacity
is dominated by torques, which multiply quickly. To combat



this problem, the flexures are placed off the radii and
perpendicular to the force (Figure 6). For a given flexure
dimension, this diminishes the torque sensitivity and

Figure 4: 2-DoF force/torque sensor wheel for elbow joint .

Figure 5: Cross-section of “traditional” torque sensor 
with radial flexures (although irregular flexure spacing 

is “non-traditional” - see text).

F

Figure 6: Cross-section of the force/torque sensor 
wheels used on TerminatorBot.
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increases the force sensitivity, making the response more
isotropic.

The use of strain gages on such a small device (The
flexures are only 2 mm wide and 2.5 mm long) would
present manufacturing problems and the compressive strains
introduced by the off-radii flexures would inject noise.
Instead, LVDTs (linear variable differential transformers)
are mounted between the hub and the link to sense pure
deflection as in [5]. LVDTs are insensitive to the noise
strains experienced by the flexures and, due to their high
frequency carrier wave excitation, are more immune to
electrical noise produced by the motors and other sources.

Finally, two sensor wheels are employed on each joint,
one on each side. This allows the measurement of a third
axis of force at the manipulator tip, complementary to the
other two components. This is somewhat problematic
because the sensors are not collocated and it is impossible to
disambiguate a force at the tip from a transverse torque.
Nonetheless, the additional force axis will be valuable
during manipulation as the manipulators do possess the
ability to move out of plane and it is unlikely that transverse
torques will come into play during manipulation of objects
(which is the only time precise measurements are required).

The tips of the arms are hemispherical shells that serve
a dual purpose. The concave side is claw-like and is useful
for traction during locomotion and even for digging in very
light soils, such as sand. When manipulating objects, the
arms will flip 180 degrees, exposing the convex sides to one
another. These surfaces are like fingertips and provide a
fixed center of rotation for objects moving across the
spherical surface. Coupled with the force/torque sensors,
this can be modeled as a passive, but sensable, fourth joint
on each arm during manipulation.

The assembled prototype is shown in figures 7 and 8.
The arms of the prototype are 105 grams each and the body
is 440 grams excluding batteries and CPU, for a total of 650
grams in mechanism alone.  

5  Locomotion Gaits

Novel mechanisms often suggest novel and
mechanism-specific gaits, as was the case with PolyPod
[16]. There are four proposed classes of locomotion gaits for
use on TerminatorBot: swimming gaits, narrow-passage
gaits, bumpy-wheel gaits, and a dynamic rolling gait. All the
gaits are used on dry land, but the “swimming gaits” are so
named because of their similarity to two-armed swimming
strokes. These are the “conventional” gaits, characterized by
stances with the arms slightly splayed out to the sides and a
full stride through much of the range of motion of the
shoulder joints (Figure 9). To clarify operation on the target
mechanism. Figure 10 contains a sequence of images of the
TerminatorBot “swimming.”



The narrow-passage gait is a novel gait that makes
profitable use of the differential shoulder joint and unique
ability of the first link to rotate around its principal axis.
Motivated by the ability of mice, which can penetrate any
opening through which they can pass their head, the robot
can gain passage through openings that are no wider than the
body itself (provided navigational capability is sufficiently
precise). The motions of the limbs require zero lateral
clearance. (Although required vertical clearance is slightly

Figure 7: Assembled TerminatorBot in stowed 
configuration.

Shoulder

Elbow

Figure 8: Assembled prototype with microcontroller for 
joint control in deployed configuration.

larger than one body diameter.) Illustrated in Figure 11 with
both top and side views, motion is effected entirely forward
of the robot’s body as it pulls itself along. Again, Figure 12
illustrates the narrow-passage gait on the prototype.

The bumpy wheel gait is another novel gait that makes
use of the ability of the differential shoulder to rotate 360
degrees. As Figure 13 indicates, the arms “roll” like broken

Ground
Reference

Figure 9: Simulation of an example swimming gait. 
(top view)

a. b.

c. d.

Reaching Forward Lifting the Body

Dragging Forward Retracting the Limbs

Figure 10: Implementation of a swimming gait on the 
prototype robot.



wheels to move the body forward. This is the most powerful
gait as all four shoulder motors are coupled to drive the body
forward and forces on the elbow joint are absorbed by the
structure. In fact, the current prototype does not have slip-
ring electrical contacts, so continuous rolling of joint two is
not permitted. Still, the bumpy wheel gait can be
implemented by rolling 180 degrees, straightening the
elbow, and rotating back to the start position. 

a. b. c. d.

e. f. g. h.

Ground
Reference

top view side view

Figure 11: A narrow-passage gait. The robot’s arms start a stride outstretched in front of it. In a. through d. it pulls 
itself forward with the elbow joints, while in e. through d. it rotates the arms back into position to begin another stride. 

The end effector (claw) is not drawn, hence the space between the robot and the ground line.

Reach Forward Rotate Claw to Ground Rotation Complete Dragging Forward

Forward Motion Complete Rotate to Unfold Unfold Elbows Rotate Claw to Ground

Figure 12: Implementation of the narrow-passage gait on the protptype robot.

The body-roll gait is quite different from the others.
Rather than being a kinematic approach to dragging the
robot to its destination, this proposed locomotion gait uses
dynamics and an assumption of a smooth, level surface.
Since the arms can tuck inside the cylindrical form of the
body, the “can” is able roll, once it gets going. The body-roll
uses a single arm to build angular momentum by swinging it
perpendicular to the roll axis. The other arm tries to prevent



kick-back during the swinging motion. The swinging arm
then folds up, into the body, causing a reactionary torque that
rolls the body forward or backward. In order to effect turns,
a swimming gait would most likely be used to reposition the
body. The use of an accelerometer for gravity sensing would
provide odometry.

The body-roll gait can be achieved using one arm, but
one-arm gaits, in general, are another category that could be
based on variations of the other four gaits. These can be
implemented as emergency homing measures in the event of
an arm failure.

It can be argued that these gaits are inefficient compared
to wheels or even legs that are optimized for locomotion.
This may be true. Dual-use generally implies non-optimal
for both uses. The motivation behind this design is that both
locomotion and manipulation are required to maximize
utility of the robot as a whole, but size and ruggedness
constraints prohibit redundant systems optimized for their
specific purposes. In this sense, we are trying to optimize the
robot as a whole, rather than specific parts. 
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Abstract

We present scaling arguments verifying that as an animal’s
size decreases, the relative friction and viscosity (damping
ratio) of their limbs increases. These intuitive predictions are
supported by data from other studies, our experiments on the
death head cockroach (Blaberus Discoidalis), and our mod-
eling results, all of which we briefly describe. High damping
has implications for control, favoring the use of simple feed-
forward strategies; we show evidence that this is actual con-
trol mechanism which cockroaches use. Additionally, high
damping ratios and the presence of Coulomb friction lead
to a preference for running over walking, which is also ob-
served. For the joints we studied, the majority of the damping
was apparently due to the mechanics of the joint itself, and
not to the soft tissues.

1. Introduction

Relative to their size, cockroaches are among the
fastest land animals [1]. In addition, there is a grow-
ing body of knowledge regarding their kinematics and
biomechanics. Thus, they are attractive design targets
for biomimetic locomotive robots [2].

Most biomimetic walking and running robots fall
far short of the dynamic capabilities of their biologi-
cal relatives. One reason is that the robots are typi-
cally built on larger length scales than the animals that
inspire their design, and the dynamical characteristics
and control strategies of the animals are not preserved.

In this paper, we propose a particular model for the
scaling of damping in small insects, summarize our re-
sults of ongoing laboratory damping measurements in
cockroaches, suggest how these phenomena are rele-
vant to control, and briefly test some of our hypotheses
with observations and data from the animals.

2. Scaling Theory

During legged locomotion, a leg can be in one of two
phases: swing phase or stance phase. During swing
phase, the leg moves forward relative to the body, and
is commonly thought to act like a pendulum [3]. Dur-
ing stance phase, the leg is thought to behave more or
less like an inverted pendulum as it supports the body.
(We say “more or less” because for running gaits, a
pogo stick is a more appropriate analogy than a pen-
dulum, but the pogo stick is a combination of an in-
verted pendulum and a spring.) The dynamic behaviors
of these two cases will be different because in stance
phase, the body is considered to be part of the pendu-
lum, while in swing phase, the body is not considered
to be part of the pendulum. In a sense, we will test the
extent to which these pendulum assumptions are valid.

Using pendulum-like models, studies over the past
thirty or so years have established scaling rules which
have mostly dealt with the effects of animal size on
limb shape and gait characteristics [4, 5]. In humans
and large animals, we are accustomed to the notion
that the limbs are underdamped when they move as
pendula; that is, friction and viscous effects (which we
refer to collectively as “damping”) play a minor role
in the limb dynamics during one step, both in swing
and stance phases. In cockroaches and smaller ani-
mals, however, damping may not be negligible, espe-
cially during the swing phase.

We use a simple second-order mechanical model,
shown in Figure 1, to quantify how damping should
increase as length scales decrease. Consider a system
with a single cylindrical limb connected to the body at
a hinge joint. The limb has massm, density�, length
L, diameterd, and angular position� (positive counter-
clockwise), and we could include the effects of gravity
g, depending on how the joint is oriented with respect
to gravity (neglectg for sprawled postures, includeg
for upright postures). A single muscle actuates the



limb; this muscle is modeled as an ideal force genera-
tor which produces a forcef(t). This muscle and its
(presumably relaxed) component on the opposite side
of the joint have some stiffness and viscosity which can
be collected into a spring and damper acting in paral-
lel. Because muscle tissue consists of sarcomeres in se-
ries and in parallel, the spring and damper are assumed
to have stiffness and viscosity proportional to the limb
cross-sectional areaA and inversely proportional to the
limb length. The net stiffness will be proportional to
the muscle elastic modulusE, and the damping will be
proportional to the viscosity; E and are material
constants which are invariant to length scale. We may
include the damping torque of the joint itself, which we
assume is equal to the productC _�, whereC is propor-
tional to the amount of surface area contact at the joint
C = ĈA (assuming that the joint surface area scales
with A). When considering the limb as an inverted
pendulum, we also need to know the effective massM

of the body, which for simplicity will be concentrated
at the body center of mass.

g

θ

m, Icm

M

L
muscle
f,E,γ

Joint Viscosity C

d

Cross-Sectional Area A ∼ d 
2

m, Icm      fn(ρ, L, d)

Figure 1: Theoretical pendulum model used to predict scal-
ing of damping ratio. For the stance phase, it would be more
correct to present an inverted pendulum, but for consistency
and familiarity we only use one orientation. Moreover, the
scaling of the damping ratio does not change with the pendu-
lum orientation.

The general dynamics of the system (both swing and
stance phase) are described by an equation of the form

J �� +B _� +K� = rf(t); (1)

whereJ is an inertia term,K is a stiffness term, and

B is a damping term. The actual scaling relationship
will depend on whether it is the swing phase or stance
phase under consideration, as well as several other as-
sumptions, the most important of which is the relative
scaling of lengths and diameters. These assumptions
affect the constantsJ , K, andB (which in turn are
functions ofm, �, L, d, Ĉ, A, etc.) in Equation 1, and
hence the damping. The details of the calculations can
be found in a full-length paper in preparation [6].

We are interested in the damping ratio�,

� =
B

2
p
JK

; (2)

which describes the significance of the damping over
short time scales. If� > 1, the damping dominates
the dynamics and the system is said to beoverdamped,
whereas if� < 1, the damping is negligible and the
system is said to beunderdamped. If � � 1, the sys-
tem iscritically damped; critical damping is associated
with fast return to equilibrium. In general, higher�
suggests that more energy is lost during voluntary mo-
tions, while if � = 0, no energy is lost. The value of
� also has implications for control, as we will address
below.

2.1. Swing Leg

We first restrict our attention to the behavior of the
swing leg. Independent of the assumptions, we find the
general rule that damping ratio increases as leg length
(or length scale) decreases. The leading terms in the
series expansions for� as a function ofL aboutL = 0
are shown in Table 1, for a number of different scal-
ing laws. These include isometric scaling (d � L) and
elastic similarity (d � L3=2) [7], with and without joint
viscosityC.

2.2. Stance Leg

Now we consider the behavior of the stance leg, during
which the body is considered to be part of the pendu-
lum, now inverted and hinged at the ground (we ne-
glect the limb massm and assume that the body mass
M is attached at the top end of the pendulum). Since
damping is assumed to be insensitive to limb orienta-
tion, Equation 1 and Figure 1 still apply if we fix the
foot on the ground and swing the leg upside down (in
order to simplify the experiments described later). In
the stance phase, the scaling predictions differ more,
depending on the assumptions used. For most of the
assumptions, damping ratio increases as leg length de-
creases, as shown in Table 2.



Assume g 6= 0 g = 0

d � L;C = 0 � � L�1 � � L�1

d � L3=2; C = 0 � � L�1=2 � � L�1=2

d � L;C 6= 0 � � L�2 � � L�2

d � L3=2; C 6= 0 � � L�5=2 � � L�5=2

Table 1: Leading-term scaling results for the damping ratio�

during swing phase as a function of limb lengthL asL! 0.
Assumptions are as follows:g 6= 0 represents upright pos-
ture, whileg = 0 if gravity is neglected (sprawled posture).
C = 0 neglects joint viscosity, whileC 6= 0 includes a joint
viscosity term proportional to surface area and joint angular
velocity. d � L assumes geometric scaling of limb thick-
ness, whiled � L3=2 assumes elastic similarity as proposed
by McMahon [7]. Regardless of the assumptions used,� in-
creases with decreasingL, suggesting that damping is more
dominant at smaller length scales.

Assume g 6= 0 g = 0

d � L;C = 0 � � L�1 � � L�1

d � L3=2; C = 0 � � L1=2 � � Const:

d � L;C 6= 0 � � L�2 � � L�2

d � L3=2; C 6= 0 � � L�3=2 � � L�2

Table 2: Leading-term scaling results for the damping ra-
tio � during stance phase as a function of limb lengthL as
L ! 0. See the caption of Table 1 for an explanation of the
assumptions. For most of the assumptions, and for the most
reasonable assumption of joint viscosity and elastic similar-
ity, stance phase� increases with decreasingL.

2.3. Comments On Scaling Results

The scaling results shown in Tables 1 and 2 demon-
strate that, for both isometric and elastic scaling as-
sumptions, the length scale decreases as the damping
ratio increases. Insects operate at much smaller length
scales than humans, and so the higher damping ratio
should be evident. It is of course expected that at very
small length scales, other forces which are not modeled
in Equation 1 might become relevant, such as more
complicated viscoelasticity, plastic-like bulk deforma-
tion effects, sliding friction, etc. It is also important to
note that comparing scaling asL ! 0 is not the same
as comparing actual scaling exponents for small but fi-
niteL. In the former case, the leading term dominates
the scaling, but in the latter case, the relative contribu-
tions of the terms in the series depend on the particular
values of the length-independent constants (Ĉ, E, and
, for instance). By themseles, our results should not
be used to compare assumptions about scaling as much
as to indicate that at small length scales, damping plays
an increasingly dominant role in the dynamics of small
animals.

3. Measurements From Cockroach Legs

There are little data on how damping scales with size,
in part because controlled (e.g., muscle activation) and
uncontrolled (e.g., viscous) effects are usually not sep-
arated in the motor control literature. In humans,
Reiner and Edrich [8] estimated the passive joint mo-
ments of the lower extremities and found that damping
was negligible for most purposes. At the smaller scale
of the human finger, Hajian and Howe [9] found damp-
ing ratios at the human finger joint to be of order(1);
they also found that the ratios differed by a factor of
about 2, depending on whether or not the joint was
extending or flexing. Esteki and Mansour [10] also
studied the properties of a finger joint and applied a
nonlinear viscoelastic model to characterize the pas-
sive joint moment. They claimed that joint friction is
relatively insensitive to joint speed in human fingers.
We estimated the passive damping properties of cock-
roach legs, with the expectation that they would exhibit
greater damping than seen in human limbs. We also
wanted to determine the accuracy of a damping model
of the form of Equation 1.

3.1. Method

To estimate passive damping parameters of cockroach
muscles and joints (for eventual use in dynamic sim-
ulations), we performed some simple pendular exper-
iments. We separated the femur-tibia segments from
the rest of the body and fixed the femur. In some ex-
periments, we removed relevant muscles and internal
tissue in order to isolate the effects of the joint itself,
as opposed to the effects of the muscles and apodemes.
We then applied perturbations to the tibia and filmed
the time response as it returned to a resting position,
mainly due to gravity. We added different masses (be-
tween one-tenth of body mass and body mass) to the
tibia and repeated the procedure several times. Re-
sults were compared with numerical simulations hav-
ing different dissipation laws. More sophisticated ex-
periments are planned, and more complete details will
be given in a full-length paper [6].

3.2. Results

Motivated by the familiar damped oscillator model
(Equation 1 withf(t) = 0), and similar studies, we
attempted to fit our results to this model (assuming a
viscous torque proportional to_�.



Poor Model Fit For Swing Phase

For the unloaded trials (which represent swing phase)
there appear to be some effects which are difficult to
model if M = 0 but negligible ifM > 0:1�(body
mass). The effects appear in trials with and with-
out muscle and seem to dependent on the direction
of the initial perturbation. Possible explanations for
these complicating effects are: (1) effects of the joint
membrane itself, or (2) residual effects of the elastic
apodeme (which is not removed when the muscle is
removed). Figure 2 shows an example data set from a
swing-phase experiment with muscles removed.
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Figure 2: Example results from a perturbation experiment
with no added mass and muscles removed. The plot has a
fast-response phase and a slow-response phase, and is not
well-characterized by a simple spring-dashpot model. How-
ever, the model can be used to characterize each phase in-
dependently, and the model results from the slow-response
phase only are consistent with the results from the experi-
ments with added mass. The fast response may be caused by
some residual elasticity in the joint membrane or possibly the
elastic apodeme, which remains in the joint after the muscle
tissue is removed. This effect becomes negligible when we
add mass to the swing limb; the smallest increment of added
mass was about one-tenth of body mass.

Model Works Well For Stance Phase

For trials with added mass, a linear damping compo-
nent models the passive limb motions reasonably well
(RMS errors of less than 5%, see Table 3) Adding a
Coulomb or quasi-Coulomb component (so that fric-
tional torque is approximately proportional toB1

_� �
B2) would give an even better fit, although the con-

stant term is not considered in the scaling law deriva-
tion for � in Section 2.. We say “quasi-Coulomb” and
“approximately proportional” because a true Coulomb
term is discontinuous at_� = 0 and can be problematic
for numerical simulations. High-order roots or arctan-
gent functions are smooth Coulomb-like functions that
are more practical from a numerical standpoint [24].

Although we could include Coulomb-like terms in
our model, we still discuss the damping ratio as if the
damping were linear because the linear term accounts
reasonably well for the majority of the damping, and
because the damping ratio is a convenient concept. The
values ofB (i.e.B1 with B2 = 0) which yielded good
agreement with the experiments were between1e � 7
and5e� 7 kg-m2/s. Figure 3 shows example simula-
tions, overlayed on top of data for cases with and with-
out added mass.
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Example Data Simulated Response

Extrapolated Response

Figure 3: Example results from a perturbation experiment
with added mass. Damping was assumed to be proportional
to angular velocity; we chose a damping constantB which
minimized the total RMS error between simulation and ex-
periment. The extrapolated response results from a simu-
lation with the same damping constant but no extra mass,
intending to simulate the unloaded swing-phase response
shown in Figure 2. The extrapolated response suggests that
the leg is overdamped during swing phase, but there are com-
plicating factors implied by Figure 2. The parameters from
the simulations are as follows:m = 1:3e � 5kg, L =

0:0113m, Icm = 2:0e � 10kg-m2, M = 0 or 2:71e � 4kg,
g = 9:81m/s2,B = 2:17e� 7kg-m2/s,�0 = �0:367rad.

Damping Ratios For Swing And Stance

Preliminary results from a best-fitB with no Coulomb-
like terms are shown in Table 3. Although we could
not directly model the swing phase, we extrapolated
the damping ratio by assuming that the damping co-



efficientB was independent of added mass. We then
simulated the limb response with no added mass using
the sameB, as shown in Figure 3. The no-mass sim-
ulations were consistent with the slow decay phase of
the no-mass experiments (see Figure 2).

Case � RMSE, %

Stance w/ muscle 0:19� 0:01 1:6� 0:5

Stance w/o muscle 0:13� 0:01 3:6� 0:6

Swing w/ muscle 6:53� 0:11 NA
Swing w/o muscle 5:92� 0:41 NA

Table 3: Best-fit results for damping assumed proportional to
_� with and without muscles. RMS error is expressed as per-
centage of maximum angular displacement per trial. For each
case, we performed 2-4 experiments. The added masses dur-
ing stance phase produce leg forces comparable to individ-
ual leg forces measured during the stance phase of running.
The swing phase damping ratios are extrapolated from the
results of the stance phase, assuming similar frictional char-
acteristics with no added mass. Because an accurate model
for the swing phase would probably need to include extra
springs, dampers, etc., we were not able to effectively model
the swinging limb response using Equation 1.

Effect Of Muscle Tissue Removal

Removal of muscle tissue (but not the apodeme) low-
ered the damping ratio by about 30 % for the stance
(weighted) case and by about 10% for the swing (un-
weighted) case.

4. Discussion

Our preliminary results support the theoretical and in-
tuitive predictions of higher damping in cockroach
limbs than in larger mammals. During stance phase,
cockroach limbs are underdamped, while during swing
phase, they are overdamped. Because removal of the
muscle tissues did not dramatically decrease the damp-
ing ratio, we conclude that joint damping is primar-
ily due to the internal friction and viscosity associated
with the joint, and secondarily to the viscosity of the
muscles and surrounding tissues.

4.1. Implications For Control

Higher damping ratios are associated with decreased
energetic efficiency, and thus might be deemed unde-
sirable. However, higher damping ratios have several
potentially-interesting control implications.

� Preference For Running Over Walking

As relative damping increases, walking motions
become less “free.” This is because the ex-
change between potential and kinetic energy
(which characterizes walking) has a cost propor-
tional to the amount of joint friction (and is fur-
ther reduced by the horizontal orientation of the
limbs). As the damping increases, the effec-
tiveness of the pendular mechanism is compro-
mised, and a new locomotion strategy (running)
emerges. The transition between walking and
running appears to be modulated by their relative
energetic costs [11]. Insects and other animals
with relatively high damping and sprawled pos-
tures should have a walk-to-run transition that oc-
curs at a lower speed. (A rough analogy is the
observation that people have a lower transition
speed when moving in deep water, although this
analogy will break down under careful scrutiny
[24].) Likewise, insects should prefer lower stride
frequencies than might be predicted from size-
related scaling arguments, due to the high-swing-
velocity penalty. Lastly, the presence of speed-
independent damping (Coulomb friction) men-
tioned in Section 3 implies a preference for short,
quick bursts of force to minimize frictional energy
loss [24].

� Motor Command Is A Velocity Command
In an underdamped environment, muscle acti-
vation is like a force or torque command; the
limb exhibits poor stability and requires addi-
tional (feedback) control to return to equilibrium
and minimize oscillation following a perturbation
[12, 13]. An overdamped or critically damped en-
vironment is like a first-order system, since there
is no overshoot when returning to equilibrium.
Applied forces or torques are analogous to con-
stant limb velocities which quickly decay to zero
if removed. When coupled with some sensing of
time or position, velocity control is analogous to
position control. This implies that small animals
should be able to successfully locomote in a dy-
namically stable fashion using feedforward com-
mands with relatively little feedback. Larger an-
imals, however, would exhibit greater sensitivity
to perturbations and therefore presumably require
some feedback to minimize leg oscillations that
might upset the dynamic stability of gait.

4.2. Observations From Cockroaches

� Preference For Running Over Walking
Cockroach data from Full and Tu [14] support
this hypothesis. Energy traces of kinetic and po-



tential energy are nearly in phase, in contrast to
the out-of-phase patterns which are seen in walk-
ing. They were unable to find evidence of walking
gaits at any speed. Cockroaches and other small
animals prefer to run intermittently than to walk
[15]. Although Alexander [16] suggests that gait
transitions occur at equivalent Froude numbers
(squared nondimensional velocities), cockroaches
do not follow this trend. Specifically, walk-run
transitions in humans and similarly sized ani-
mals occur at Froude numbers of about 0.5 [16].
Although the walk-run transition was not mea-
sured in cockroaches, they are observed to use
running gaits down to Froude numbers of 0.027
(0.08 m/s). One possible reason for the discrep-
ancy with the Alexander study is that Alexander’s
conclusions may not apply to animals with over-
damped swing limbs.

� Motor Command Is A Velocity Command
There is some reason to believe that cockroaches
rely primarily on feedforward strategies. Unpub-
lished experiments on cockroaches with a “Rapid
Impulsive Perturbation” system [17] suggest that
limb angles in cockroaches do not change sig-
nificantly in response to impulsive perturbations,
even relatively large ones which noticeably dis-
rupt the animal’s posture and velocity while it
is running. Other researchers have also found
evidence that insect limbs appear to follow a
predetermined kinematic pattern [18], possibly
using position control [19] or velocity control
[20]. Moreover, hindlimb muscle EMG measure-
ments during steady state cockroach running are
nearly identical as compared to those taken while
maneuvering over large obstacles [21]. Lastly,
simple horizontal-plane models by Schmitt and
Holmes [22] and Kubow and Full [23] demon-
strate the plausibility of passive and/or feedfor-
ward strategies producing dynamically-stable pla-
nar gaits with no feedback.

4.3. Generalizability Of Scaling Ideas

The scaling results presented here may be roughly in-
terpreted in a larger, less specific context that is “part
of the common folklore of physics and engineering”
[24]. Many processes can be approximately modeled
by the damped oscillator of Equation 1. In these pro-
cesses, the damping componentB is often assumed
to be proportional to some characteristic surface area,
while the inertia termJ might be proportional to a
characteristic mass. In this case, the importance of
the damping (as compared to the inertia) at different

length scales would follow a surface area to volume
power law (length�1=3) [25]. Generally speaking then,
for many phenomena, one would expect the relevance
of damping to increase in any observations or applica-
tions at very small length scales.

This argument extends across various disciplines;
for instance, in fluid dynamics, the Reynolds number
(Re) is a well-known measure of the relative impor-
tance of dynamic forces as compared to viscous forces
(low Re signifies relatively higher viscous forces).Re
is proportional to (length)� (velocity). Thus, it is
common knowledge in fluid mechanics that as length
scale decreases,Re decreases, and viscous forces tend
to dominate.
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Approximate Solutions for Gait Simulation and Control.  

 

Paul Bourassa(1), Margrit-R. Meier(1), Philippe Micheau(2), Paulin Buaka(2) 

Université de Sherbrooke, Qué, Canada 

(1) IUGG, centre de recherches. 

(2) Faculté de génie 

 

A biped model is analysed and its relevant second order differential equation of motion are 
obtained using the Lagrange or the Kane formalism. Previous studies by McGeer [1], Goswani & 
al. [2], Garcia & al. [3], and others have been very helpful in the understanding of bipedal passive 
locomotion under gravity alone. This is an attempt to go somewhat further in the same direction: 
a biped moving on a level surface under the influence of impulsive forces. A four d.o.f. model is 
studied in the sagittal plane over a visco-elastic medium. A two d.o.f. model with one foot fixed 
to a rigid floor is also investigated in order to get closed form results. With proper initial 
conditions, impulses and torques, the programme is able to numerically provide a solution, which 
lasts for many consecutive steps, leading to steady and stable limit cycles in angular velocities. 
An animation programme has been proven useful in showing such sequences. The problem 
addressed here is how to compute the value of the feet impulses and the corresponding torque 
amplitude in order to attain a given gait velocity and maintain a repeatable gait pattern.  

 
Model description: The model is shown in Figure 1. It consists of two rigid segments 
representing the left and the right leg with mass MA located at mid length and a central moment 
of inertia IA. The trunk is assumed as a point mass Me located at E. Figure 1 shows the right leg 
resting on the floor while the left is subject to a short  impulse directed along the segment. 
Afterward, an internal torque TBA is applied to the left leg. A similar reversed scenario occurs on 
the following step, with a torque Tab applied to left leg The Lagrange equations for the two d.o.f 
model walking on a rigid surface are represented in Equation (1): 
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where A is a 2x2 matrix; qi and Ui, are the state variables; (i = 1,2), Fi1, and Fi2 are the required 
impulses for either leg; U1 and U2 are the time derivatives of q1 and q2. The matrix A consists of 
four elements aij with 
 

 a11 = (I / ML2  + ¼ )     a12 = -cos(q1-q2) / 2 
 a21 = a12 a22 = (I/ML2 +5/4 +Me/M) 
 f1(qi,Ui) =   0.5 sin(q1-q2)U2

2 + 0.5 G/L cos(q1) + Tba/ML2
  

 f2(qi,Ui) = - 0.5 sin(q1-q2)U1
2 + (Me/M +3/2 ) G/L cos(q2) - Tba/ML2 

 c1 = sin(q1-q2)/ML or 0 c2 = sin(q1-q2)/ML or 0 
The determinant. det(A) = a11a22-a12 a21 and a12 =a21  has one term a12 which is very slightly 
co-ordinate dependant.         
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G is the constant of gravity, assumed to be 10m.s-2. Similar expressions are obtained when 
interchanging the angular leg generalised co-ordinates q1 and q2, and using Tab in place of Tba, 
when the left leg is in the support mode and the right leg is in the swinging mode. These 
equations are used to derive some basic relationships between the torque, the impulse and the 
kinematics of the walking gait pattern. The system is solved numerically using Runge-Kutta 
algorithm. The code is provided with branching in order to generate a set of multi-step sequences. 
Ground interference with the swinging leg is ignored except at contact time where ground 
reaction forces are evaluated. Such a system has the advantages of producing continuous motion 
from one step to another by simple branching and constants resetting, as the model goes from one 
configuration to the next. 
 

Impulse: During the push-off phase in human gait, the foot reacts against the ground to produce 
a reaction force. Its integral over time is known as an impulse. During that phase, the legs are 
changing angular velocities and the body is rising. The simplest form of an impulse is a force 
amplitude Fimp applied over a single time step. The integration of (1) over a short impulse time 
results in a sudden increase in the angular velocities of all the generalized velocities of the system. 
For the present model the relationship is given in Equation (2). 
 

            (2) 
 
 
The angular velocity increments are seen to be function of the impulse value. Thereafter, a 
properly selected torque Tba will accelerate and bring the swinging leg to an eventual maximum 
velocity vm and in phase with the support leg at mid-stance.  To this end, we investigate the 
equations [1]  with a null value for the impulse and find out that f1 in the second equation is 
relatively small. Considering furthermore  small angles approximations, the expression for the 
derivative dU2/dt becomes 

dU2/dt = a ( q1 – q2 ) U1
2  +b( π/2-q2) + cTBA                   (3)       

 

U1 can be shown to be increasing in a nearly linear manner with time and to be proportional to 
TBA. Therefore the above equation takes the form  
                  d2q2/dt2 = c1 + c2 q2 + g(t) + c3t2 q2                                                        (4) 
 

This equation is linear and a power solution for q2 may be found by the method of variable 
coefficients. From this solution, the time tMS required to reach mid-stance (q2=π/2) and the 
velocity at mid-stance U2(tMS) may be obtained. These values are functions of Tba and of the 
values U1+ and U2+ immediately following the impulse. These Ui values have just been given  
angular velocities increments which are fonction of the impulse intensity.  Therefore it is possible 
to establish a required initial impulse and a proper torque amplitude that will yield a synchronised 
stance for a given velocity at mid-stance. Examples of such solutions and corresponding 
animations will be shown in the presentation. After applying the initial impulse, Fimg is taken as 
zero until the next step occurs and equation (1) is than easily inverted. The synchronised mid-
stance angles and velocity objectives may also be expressed by algebraic equations which may be 
solved numerically by Newton  Raphson algorithm and also by repeated integration. 
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Polynomial solution: The angles q1 and q2 range from 70 to 110 degrees approximately and 
approximations may be taken for linearization purposes. Replacing in equation (1) sin(q1-q2) by 
(q1-q2) , cos(q1-q2) by 1, det(A) becomes a constant and the expressions on the right hand side 
take the following form: 
 

 f1 = 0.5(q1-q2) U2
2 +G/2L +Tba/ML2  

 f2=-.5(q1-q2) U1
2 –(Me/M+3/2) G /2L -Tba/ML2

     (6) 
 

The torque Tba will be taken as a constant during the first part of the walking step until mid-
stance. After mid-stance, a change of sign for Tba will be introduced in the simulation that will 
slow down the fast moving leg. We may rewrite the system as 
 

 dU1/dt = [(a11.f1g –a12.f2g) +(a22+a12)T’ab]/detA 
 dU2/dt =[(-a12f1g+a11f2g) -(a11+a12)T’ab]/detA     (7) 
 
 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
The equations may be uncoupled when observing during simulation that the term including the 
torque Tba in the first differential equation is dominant. This results into dU1/dt = Tba/Ie where Ie = 
Ia +M L2 and represents the leg moment of inertia around the hip pivot point. Therefore U1(t) = 
U1( 0 ) +(Tba/Ie)t and q1(t)=q1( 0 ) +U1( 0 )t + 0.5(Tba/Ie)t2. This simple solution has been verified 
with sufficient accuracy for the cases at hand. The quadratic form may be solved to find out the 
time t1ms at which the swinging leg will reach a vertical position.  

 

 t1ms = -b +√(b2-c)  where b=(Ie/Tba)U1( 0 ) and c = [(2q1( 0 ) - π/2] Ie/ T ba   (8) 
 

Figure 1: Polynomial Solution q2p(t) vs integrated solution q2(t)
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where the plus sign must be assumed in front of the square root. In the second differential 
equation, the term a12f1g is small compared to the others terms and the replacement of U1(t) 
produces a time dependent linearized equation of the form  
 

 d2q2/dt2 = dU2/dt=e0+e1t+e2t2 + e3t3 +e4t4 + (e5 +e6t +e7t2 )q2   (9) 
 

where the expressions for e0 to e7 are given in the appendix. This linearized, time-dependant 
differential equation may be solved using a polynomial solution for q2 in powers of t. 
 

 q2 = b0 + b1t + b2t2 +……+bntn   and 
 U2 = b1 + 2b2t + 3b3t2 +…..+(n+1)bn+1tn       (10) 
 dU2/dt2  = 182b2 + 283b3t + 384b4t2 +…..(n+1)*(n+2)bn+2tn  
 

The replacement of these polynomial into the differential equation yields a polynomial in ti. Each 
coefficient must be zero to give the recurrent expressions for the bi coefficients in terms of the 
initial conditions and in terms of the known ei coefficients. These are as follows: 
 

 bo = q2(0)    b1 = U2 (0)   b2 = (e0 + e5bo)/2     b3 = (e1 + e6bo + e5b1)/283 
 b4 = (e2 +e7bo + e6b1 + e5b2)/384      b5 = (e3 + e7b1 + e6b2 + e5b3 )/485    (11) 
 b6 = (e4 + e7b2 + e6b3 + e5b4 )/586    b7 = (e7b3 + e6b4 + e5b5)/687 
 bn+2 = (e7bn-2 + e6bn-1 +e5bn)/(n+1)8(n+2) 
 

This polynomial solution for the leg angular co-ordinate and for its angular velocity has shown to 
be a very good approximation for the integrated numerical solution using Runge-Kutta algorithm, 
for cases where the balancing leg is reaching a vertical position at approximately the same time 
as the supporting leg Figure 2). 
 
Discussion and conclusion: The generated gait cycles comprise a multitude of continuous steps 
accompanied by steady and stable limit cycles in angular velocities. The relationships between 
the impulse, the torque, the model parameters and initial conditions pave the way to a better 
understanding and simulation. Animation is found to be a very useful tool in order to assess the 
progress made during the whole development. Further refinements are required in order to 
broaden the stability range of successful gait solutions. An approximate solution to the linearized 
set of differential equations provide some important relationships between the model variables at 
impulse time, its parameters and the values of the impulse and of the constant torque in order to 
achieve a continuous and repeatable gait cycle with a desired mid-stance velocity.  
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Abstract

This paper describes an optimal trajectory planning
of walking locomotion for a biped mechanism system

which has thighs, shanks and small feet. We model

the mechanism to be a 3-DOF link system composed
of an inverted pendulum and a 2-DOF swing leg. The

locomotion of the swing and supported legs is solved by
the optimal trajectory planning method based on the

function approximation method. It was found that the

lowest energy walking motion can be obtained at the
one step period of 0.586s similar to the human walking

when the ankle is a passive joint.

1 Introduction

Many studies have been published on dynamic
biped locomotion mechanism, in which there are
many successful examples to realize dynamic walk-
ing of biped robots. Mita et al. built a seven-link
biped walker and realized dynamic biped walking
by using linear optimal state regulator theory[1].
As a result, one step took one second when the
step length was shorter than 20cm. Furusho et al.
proposed a hierarchical control strategy for their
biped robot and realized high speed movement[2].
The local feedback which makes the total system
robust was implemented at the low level. The sta-
bility of steady walking was examined by using the
reduced order model. Shih studied dynamics of a
7-DOF biped walking robot which included vari-
able length legs and a translational balance weight
in the body[3]. He presented a piecewise cubic
polynomials method to generate a trajectory by
constraining the location of the ZMP and showed
an experimental result of dynamic walking with a
speed of 16cm/s.

However, most of the previous control algorithm-
s are very complicated, and the walking stability
and speed are not as good as expected. On the
other hand, human biped walking has been con-
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Harbin Institute of Technology, Harbin, China.

sidered to be robust and e�cient. The human
walking pattern can be described similarly by the
simplest inverted pendulum model in gravitational
�eld[4]. Therefore, human utilizes its gravity skill-
fully to achieve e�cient walking. Miura and Shi-
moyama developed biped robots named BIPER-
3 and BIPER-4, and proposed a control method
based on the inverted pendulum principle to realize
dynamic walking[5] . McGeer demonstrated a pas-
sive biped walking mechanism which walked down
along a ramp and utilized its gravitational poten-
tial energy as input power of walking[6] . It is in-
dicated that the biped walking under gravitational
�eld has a natural gait and the walking is gener-
ated as a limit cycle of non-linear system. Based
on natural dynamics concept of a biped system,
Pratt et al. studied a planar biped walking con-
trol by the virtual model method. They exploited
the natural dynamics of human legs to simplify the
control algorithm greatly[7] .

Ono and Okada proposed self-excitation of nat-
ural mode of vibration system and demonstrated
an insect wing driven by the Van Der Pole self-
excitation [8][9]. They also proposed a biped mech-
anism which walked on a level ground with two
single-link legs. The biped walking motion was re-
alized by the swing roll motion of the upper body
driven by a self-excited vibration system with asym-
metric sti�ness matrix[10] . Moreover, Ono et al.
described a self-excited biped mechanism with one
actuator only at the hip and realized the natural
dynamic walking motion with a speed of about 3k-
m/h on a level ground[11] .

Since a natural walking locomotion means such
an e�cient motion that the energy consumption
is the lowest, it is thought that the natural walk-
ing locomotion can be obtained as a motion of a
biped mechanism that consumes the lowest possi-
ble energy. Thus, our main concern in this study
is whether we can get a stable, e�cient and natu-
ral walking motion and the lowest input torque at
all joints, by means of an optimal trajectory plan-
ning method based on energy consumption mini-



mization. Another concern is whether we can also
obtain ideal walking motion even if we assume the
ankle or knee joint to be a passive joint. In ad-
dition, we are interested in the similarity between
the optimal walking motion solutions and actual
human walking motion.

The trajectory planning problem can be solved
by the variational method, the maximum princi-
ple or the dynamic programming method, but the
state equations are very complicated and the con-
vergence is di�cult. Thus, we approximate the
joint motion trajectory by a set of Hermite polyno-
mials functions [12], and convert the optimal trajec-
tory planning problem into the boundary parame-
ter optimization problem.

2 Analytical Method

In this section, we model a planar biped walk-
ing mechanism with thighs, shanks and small feet
as shown in Figure 1 to be a 3-DOF link system,
We disregard upper body above waist, because it
has little e�ect on walking motion. Thus, the t-
wo legs are assumed to be directly connected each
other through an actuator. We assume that both
knee and ankle joints can be driven by individual
actuators.

2.1 Model of a Biped Mechanism and Walk-
ing Motion

For the biped mechanism as shown in Figure 1,
we assume that the knee joint of the supported leg
is passively locked by means of a stopper mecha-
nism to prevent the mechanism from collapse. The
ankle of the supported leg is modeled as a rotat-
ing joint �xed on the ground, while the foot of the
swing leg is neglected. The mechanism is modeled
as a 3-DOF link system as shown in Figure 2, which
consists an inverted pendulum and a 2-DOF swing
leg.

The one step walking locomotion is divided into
three sections which have di�erent phases of the
walking mechanism as shown in Figure 3. In the
�rst section from the posture 1 to 2, the swing
leg swings from left to right as a 2-DOF pendu-
lum until the swing leg becomes straight, avoiding
collision with the ground, while the supported leg
moves from left to right as a 1-DOF inverted pen-
dulum. In the second section, it is assumed that
the straight two legs move freely during the period
t2 from posture 2 to 3 until the swing leg touch-
es the ground. In the third section, only the foot
exchange is performed from posture 3 to 4 at the
instant of collision of the swing leg. An e�cient
and natural walking motion of a 3-DOF walking

Link 2
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Link 1
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Figure 1: Biped walking mechanism
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mechanism in the �rst section is solved by the op-
timal trajectory planning method.

2.2 Basic Equations and Cyclic Walking Lo-
comotion Condition

The equation of motion of the 3-DOF link sys-
tem as shown in Figure 2 is written as follows:

[M ]f��g + [c]f _�2g + fkg = fug (1)

where [M ]; [c] and fkg are calculated by the pa-
rameter values of the mechanism and the angular
positions of the links, and fug is the input torque
vector.

We assume that the foot exchange takes place
instantly for the sake of analytical simplicity and
the collision between the swing leg and the ground
is perfect non-elastic collision. By using the impulse-
momentum equations for translation and rotation,



the relationship of the link angular speeds between
right before and after collision is obtained as fol-
lows.

[H]f _��g = [M ]f _�+g (2)

where [H ] is calculated by the parameter values
of the mechanism and the angular positions of the
links. In order to realize the cyclic walking loco-

motion, the angular speed _�+ right after the foot
exchange must be the same as that at the begin-
ning of the �rst section which is given as the initial

condition. So the angular speed _�� right before the
foot exchange is solved by Eq. (2).

From Eq. (1), the equation of motion of 2-DOF
link system in the second section is written in fol-
lowing.

�� = f (�; _�) (3)

To determine the end boundary condition of the
�rst section, we adopt a backward time integration
method. By integrating Eq. (3) from posture 3 to
2 during the second section and using Eq. (2), we
have the relationship between the beginning and
end boundary conditions.

2.3 Optimal Trajectory Planning Based on
Function Approximation

In the �rst section, the walking motion of 3-
DOF link system is solved by the optimal trajec-
tory planning method[12] . To minimize the energy
consumption in the �rst section, we de�ne the per-
formance index function as follows.

J =

3X
i=1

kpi

Z t1

0

u
2
i (t)dt (4)

where kpi is the weighting factor corresponding
to joint i, and ui is the input torque at joint i.
Arranging Eq. (1), ui is expressed as:

ui = �i(�; _�; ��) (i = 1 ; 2 ; 3 ) (5)

In order to compare the full-actuated and under-
actuated systems, we solve this trajectory planning
problem under three input conditions as follows.

1. No input at the ankle joint: kp1 = 0 in (7);
the constraint condition u1 = 0.

2. No input at the knee joint: kp3 = 0 in (7);
the constraint condition u3 = 0.

3. Input at all the joints: no constraint condi-
tion.

If the �rst section is divided into m subsections,
then the joint motion trajectory in the j-th subsec-
tion is expressed as

Table 1: Link parameters

1st link 2nd link 3rd link
Mass mi [kg] 5:0 3:5 1:5

Link length li[m] 0:8 0:4 0:4
Inetia moment
Ii [kgm2]

0:35 0:054 0:02

O�set of mass
center ai [m]

0:56 0:09 0:20

�j(p; t) = h(t)Tpj (j=1,. . . ,m) (6)

where h(t) is the Hermite base function vector of
nh order. In this paper, we take nh = 7 and m = 2.
pj is the boundary state variable vector. There-
fore,

pj = f�Tj�1; �
T
j ;

_�Tj�1;
_�Tj ;

��Tj�1;
��Tj ; �

(3)T
j�1 ; �

(3)T
j gT

(7)
where the number in the () is the derivative order

number, �j�1, _�j�1 etc are the beginning bound-
ary state variables of the j-th subsection, while �j,
_�j etc are the end boundary state variables of the
j-th subsection. To satisfy the dynamic constrain-
t condition of the passive joint, the input torque
uk(t;p) of this joint must satisfy the condition that
the projection of the uk(t;p) in the Hermite base
functional space is zero. That is,

c(p) =

Z t1

0

uk(t;p)hi(t)dt = 0 (i = 1; . . . ;nh): (8)

The constrainted optimization problem as shown
in (4) and (8) is solved iteratively until the ratio
of di�erence of the successive value of p becomes
small enough.

3 Results and Discussions

We solve the optimal walking locomotion trajec-
tory for the 3-DOF link system as shown in Figure
2 for various values of the second period t2 un-
der three input conditions, using the calculation
method stated above. The parameter values of the
mechanism are shown in Table 1, which are close
to an adult human's data. In the iteration calcu-
lation, the convergence accuracy " is chosen to be
1:0 � 10�10.

First, we show the optimal solutions of walk-
ing motion under the constraint condition u1 = 0.
Figures 4, 5 and 6 show the stick �gures and joint
torque in the cases of t2=0.10s, 0.12s and 0.13s,
respectively. Note that, the teo track of the swing
leg is like a straight line which parallels the ground
when t2 = 0:1s, as shown in Figure 4(a). When the



t2 is less than 0.09s, the teo track comes to collide
with the ground, so the result could not be ob-
tained. From the comparison of Figures 4, 5 and
6, it is clear that the larger the t2 is, the higher the
peak of the teo track. The calculation at t2 > 0:13s
is unnecessary, because the higher the peak of the
teo track, the larger the energy consumption value
is. The joint input torque in Figure 4(b) is obvi-
ously smaller than that in Figures 5(b) and 6(b).
In Figures 4(b), 5(b) and 6(b), we note that the
u1 is not zero. However, since the u1 is orthogo-
nal with the Hermite polynomial base functional
space, the u1 has no inuence on the �(p; t). Be-
cause the u1 satis�es Eq. (11). We con�rmed that
the same walking motion as in Figures 4(a), 5(a)
and 6(a) can be obtained from forward dynamic
simulation by using u1=0 and the same u2 and u3

as in Figures 4(b), 5(b) and 6(b), respectively.

Next, we calculate optimal trajectory under the
constraint condition u3 = 0. Figure 7 shows the
stick �gure and input torque in the case of t2 =
0:10s. During the iteration, the �nal constraint
condition error is 1:0� 10�4, which is much worse
than the required convergence accuracy of 1:0 �
10�10. Sharp peak on the u3 curve near the end of
the �rst section is observed in Figure 7(b). There-
fore, under no input torque at joint 3, the optimum
joint motion trajectory which satis�es the required
boundary condition could not be found. This in-
dicates that some input torque at the knee is very
important to generate an e�cient walking motion.

Finally, we calculate the optimal trajectories when
the torque is input at all three joint. The stick �g-
ures for t2 = 0:10 and 0.13s are shown in Figure
8. The stick �gures are very smooth in both two
cases and are very similar to each other as shown
in Figure 8. It is understood that the trajectory
pattern and energy consumption are insensitive to
the boundary condition in the full-actuated control
system.

The value of the performance index in the 12
cases is shown in Figure 9. The energy consump-
tion value in the full-actuated control system in-
creases slowly with the increase in t2. When joint
1 is a passive joint, the energy consumption value
increases quickly with an increase in t2. Howev-
er the energy consumption shows the lowest value
in all 12 cases when u1 = 0 and t2 = 0:10s, as
seen in Figure 9. Therefore, this motion trajectory
is considered to be the most optimal walking mo-
tion. It is interesting to note that a cyclic walking
motion with the lowest energy consumption can be
realized in an under-actuated control system as a
kind of natural motion of a multi-link system, if a
suitable boundary condition is adopted.

Of all the 12 examples, the period t1 of the �rst
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0:10s

0.2 0.4 0.6 0.8

0

0.2

0.4

0.6

0.8

a) Stick figure

0 0.2 0.4
–20

–10

0

10

20

(s)

b) Joint torque

Jo
in

t T
or

qu
e 

(N
.m

)

u1

u2

u3

(N
.m

)

Figure 5: Computation results on u1 = 0 and t2 =
0:12s
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Figure 6: Computation results on u1 = 0 and t2 =
0:13s

section is within 0:462s � 0:486s , while the one
step walking period (t1 + t2) is within 0:582s �
0:596s . This value is very close to the human walk-
ing period. Accordingly, it can be said that the
optimal solution solved by the trajectory planning
method described above is close to human walking
locomotion.

4 Conclusions

In this paper, we computed the optimal join-
t motion trajectory for the 3-DOF biped walking
mechanism, using the optimal trajectory planning
method. From comparison of the computation re-
sults, the main conclusions are summarized as fol-
lows.

(1) The computation results prove that the op-
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timal trajectory planning method adopted in this
paper is an e�ective tool to solve the walking mo-
tion and joint control torque for a 3-DOF biped
walking mechanism.

(2) Under the constraint condition u1 = 0, the
period t2 in the second section has a great inu-
ence on the results. When t2 = 0:10s, the energy
consumption is the lowest among all examples. In
this case, the one step period t1+ t2 = 0:586s. It is
very close to the human walking period, which is
about 0.6s. Therefore the corresponding joint mo-
tion trajectory is considered to be close to human
walking locomotion. This con�rms the validity of
the inverted pendulum model of human leg system,
in which the ankle is a passive joint.

(3) The under-actuated control system is more
sensitive to the boundary condition than the full-
actuated system. If the suitable boundary condi-
tion is adopted, the natural cyclic motion with the

lowest energy consumption can be realized in the
under-actuated control system.
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Abstract

To explore issue of human-like motion, we have
constructed a human-like biped robot called WABIAN-
RII (WAseda BIped humANoid robot-Revised II) that
has a total of forty-three mechanical degrees of freedom
(DOF); two six DOF legs, two ten DOF arms, a four
DOF neck, four DOF in the eyes and a torso with a
three DOF waist. We present a follow-walking control
with a switching pattern technique for the biped robot
to follow human motion. Also, emotional walking of
the biped robot is described, which expresses emotions
by parameterizing its motion. The follow walking and
emotion expression can be realized by the compensa-
tion of moment by the combined motion of the waist
and trunk.

1. Introduction

To date, the issue of stable biped walking has been
addressed by many researchers [1, 2, 3, 4, 5]. A
Waseda's biped-robot group has been engaged in stud-
ies of biped robots with human con�guration from
two viewpoints. One is an engineering viewpoint to
elucidate the walking mechanism of humans. The
other viewpoint is the development of anthropomor-
phic robots that become human partners in the next
century.

The Waseda group succeeded in achieving a dy-
namic biped walking with a hydraulic biped robot
WL-10RD in 1984 [6]. A hydraulic biped robot WL-
12 having an upper body and a two-degrees-of-freedom
waist was constructed to realize more human-like mo-
tion in 1986. Also, the new control algorithm was
developed to improve walking stability, which com-
pensates for moment generated by the motion of the
lower-limbs using the trunk motion. The dynamic
biped walking was realized under external forces of un-
known environment and on unknown walking surfaces
[7, 8]. To adapt to human's living environments, the
control method based on a virtual surface was intro-
duced, which could deal with even and uneven terrain
[9].

In 1992, the new project \humanoid" was founded
by the late Ichiro Kato at HUREL(Humanoid Re-
search Laboratory), Advanced Research Institute for
Science and Engineering, Waseda University. This
project aims at the development of an anthropomor-
phic robot that can share the same walking space with
humans. In developing a biped humanoid robot, �ve
things are considered as follow: (1) the size of the
biped robot should be the average size of an adult
Japanese woman to do a collaborative work with hu-
mans: (2) the robot could walk at approximate human
speed: (3) the robot should have 3 DOF trunk and 6
DOF arm: (4) the joints of the robot should use elec-
tric servomotors: (5) a control computer and motor
drives except power supply should be installed.

In this paper, we describe a biped humanoid robot
WABIAN-RII to realize human-like motion that has
forty-three mechanical degrees of freedom and control
systems. A picture of the WABIAN-RII is shown in
Figure 1. We describe a human-follow walking to co-
operate with a human. The follow walking is achieved
by using a pattern switching method. Also, we de-
scribe a matter of emotion expressed by the walking
and the body motion. The walking of emotion is cre-
ated by a set of motion parameters that consists of the
lower-limb, upper-limb, waist, trunk and head param-
eters.

2. Development of WABIAN-RII

In this section, the hardware and software of the
WABIAN-RII are described.

2.1 Hardware

Duralumin, GIGAS (YKK Corporation) and CFRP
(Carbon Fiber Reinforced Plastic) are mainly em-
ployed as structural materials of the WABIAN-RII.
The height of the WABIAN-RII is about 1.84[m] and
its total weight is 127[kg]. The body and legs are
driven by AC servomotors with reduction gears. The
neck, hands and arms are actuated by DC servomotors
with reduction gears, but the eyes by DC servo motors



Figure 1: The photo of WABIAN-RII.

without reduction gears. The trunk having three de-
grees of freedom can bend front-to-back (40 degrees)
and side-to-side (50 degrees), and twist left-to-right
(90 degrees). The neck having four degrees of freedom
can tilt front-to-back by two pitch axes (70 degrees
each), tilt side-to-side (90 degrees) and twist left-to-
right (90 degrees). The eyes having four degrees of
freedom can look up-to-down (100 degrees) and ro-
tate right-to-left (90 degrees). A human-like range of
motion is given by mechanical stoppers and software
on the waist and by only software on the neck and
eyes. The arms and legs are equipped with mechan-
ical stoppers including software to realize human-like
range of motion (knee bend is 90 degrees, hip twist
180 degrees, hip and ankle rolls 40 degrees, hip pitch
80 degrees, ankle pitch 75 degrees).

2.2 Software

The WABIAN-RII is controlled by a PC/AT com-
patible computer PEAK-530 (an Intel MMX Pentium
200[MHz] CPU processor) which are govern by a OS,
MS-DOS 6.2/V (16-bit). TNT DOS-Extender SDK
(Ver.6.1) is employed to extend the OS to a 32-bit.
It has three counter boards with each 24-bit 24 chan-
nels, three D/A converter boards with each 12-bit 16
channels and a A/D converter board with di�erential
12-bit 16 channels to interface with sensors. The joint
angles are sensed by incremental encoders attached at
the joints, and the data are taken to the computer
through the counters. All the computations to con-
trol the WABIAN-RII are carried out by the control

computer and the control program that are written in
C language. The servo rate is 1[kHz]. The computer
system is mounted on the back of the waist and the
servo driver modules are mounted on the upper part of
the trunk. The external connection is only an electric
power source.

3. Compensatory Motion

We have already proposed the control method for
the dynamic walking of biped walking robots as fol-
lows: (a) a model-based walking control (ZMP and
yaw axis moment control), (b) a model deviation
compensatory-control, and (c) a real-time control of
ZMP and yaw axis moment (external force compen-
satory control).

Calculate the motion of the waist and trunk

Preset lower-limb motion

Planned ZMP trajectory

Preset upper-limbs motion

Ratio of compensatory moments

Preset complete walking

Program control

Before walking

While walking

Figure 2: Control structure of WABIAN-RII.

This section describes a basic walking control ap-
proach for the WABIAN-RII to realize human-like mo-
tion. The control method consists of two main compo-
nents as shown in Figure 2: a calculation of compen-
satory motion and program control. It is important
for the biped robot to balance on the various environ-
ments. The combined motion of the waist and trunk
compensates for not only the pitch axis and the roll
axis but also the yaw axis moment around the pre-
set ZMP before the biped robot starts to walk. In
brief, the algorithm automatically computes the com-
pensatory motion of the waist and trunk from the
lower-limbs planned arbitrarily, the time trajectory of
ZMP, and the planned motion of the upper-limbs, in
consideration of the ratio of compensatory moments.
This is composed of the following four main parts: 1)
modeling of the biped robot, 2) derivation of ZMP
equations, 3) computation of approximate motion of
the waist and trunk, and 4) calculation of the strict
motion of the waist and trunk by an iteration method.

The other component of the control method is a
program control using a preset complete walking pat-



tern transformed from the motion of the lower-limbs,
the trunk, and the upper-limbs, while the biped robot
is walking.

3.1 Modeling

We de�ne �ve assumptions to model the biped
robot as follows: a) the biped walking robot consists of
a set of particles, b) the foothold of the robot is rigid
and not moved by any force and moment, c) the con-
tact region between the foot and the floor surface is a
set of contact points, d) the coe�cients of friction for
rotation around the X, Y and Z-axes are nearly zero
at the contact point between the foot and the floor
surface, and e) The foot of the robot does not slide
on the contact surface. The �fth assumption states
that the friction coe�cients between the foot and the
contact surface are very large.

Suppose that the mass of the biped robot is dis-
tributed as shown in Figure 3. The moment balance
around a contact point p on the floor can be written
as

n∑

i=1

mi(ri − rp ) × (r̈i + G ) + T

−
n∑

j =1

(rj − rp ) × (F j + M j ) = 0, (1)

where mi is the mass of the particle i. ri denotes the
position vector of the particle i with respect to the
world coordinate frame F . rp be the potion vector of
point p from the origin of F . G is the gravitational
acceleration vector, T is the moment vector acting on
the contact point p . F j and M j denote the force and
the moment vectors acting on the particle j relative
to the frame F . From the ZMP criteria, the resultant
moment is zero on the contact point p .

The three-axis motion of the trunk is interferential
each other and has the same virtual motion because
the biped robot is connected by the rotational joints.
Therefore, it is di�cult to derive analytically a com-
pensatory motion of the trunk from Equation (1). In
order to get the approximate solution analytically, we
assume that (1) the external force is not considered
in the approximate model, (2) the moving frame �F
does not rotate and (3) the waist and trunk does not
move vertically. According to these assumption, we
classify known and unknown variables of Equation (1)
and compute the approximate motion of the trunk and
waist using FFT(Fast Fourier Transformation).

Figure 3: Coordinate frames of WABIAN-RII.

3.2 Recursive Calculation

An recursive method that iteratively computes the
approximate solution of the ZMP equation is used to
obtain the strict solutions of the trunk and waist mo-
tion. First, the approximate periodic solutions of the
waist and trunk are calculated from the linearization
of the model. Second, the approximate periodic so-
lutions are substituted into the ZMP equation, and
the errors of moments generated by the motion of the
lower-limbs and upper-limbs are calculated according
to the planned ZMP. These errors are accumulated to
the linear equations. Finally, These computations are
repeated until the errors fall below a certain tolerance
level.

4. Human-like Walking

In this section, a human-follow walking and an emo-
tion expression are described.

4.1 Follow-walking Motion

A follow-walking motion is realized by a human-
follow walking method that selects and generates
switchable unit patterns, based on the action model
for human-robot interaction. The upper-limb's tra-
jectory is decided by the force information applied
on the robot's hand. Then, by judging the direction
of the robot's tracking motion, the trajectory of the
lower-limbs can be decided. For computing the upper-
limb's trajectory, we use a virtual compliance control
method. Figure 4 shows the coordinate system of the
robot's arm. The equation of compliance motion of



the robot'hand is written by

M
d �v
dt

= �F − K ��x− C �v, (2)

where M ∈ <6×6 is the virtual mass matrix. K ∈
<6×6 and C ∈ <6×6 are the sti�ness and damping
matrices, respectively. �v ∈ <6 and �x ∈ <6 is the
velocity and deviation vectors of the robot's hand, re-
spectively.

Force/torque
sensor

Xs

Ys

Z s

Xh

Yh

Z h

Zo

Xo

Yo

Shoulder

Wrist

Figure 4: The upper-limb of WABIAN-RII.

In the case where our target is the full tracking
ability of the hand like a method generally used in
the direct teaching of an industrial manipulator, the
sti�ness components may be disregarded. Also, when
the control loop time we apply is very short(5[ms]), we
may think of the virtual mass as equal to zero. There-
fore, the hand velocity can be obtained with respect
to the hand coordinate frame fhg as

h �vh = C −1 �F . (3)

We can �nd the hand velocity with respect to the
shoulder frame fsg:

s �vs =s R h
h �vh , (4)

where sR h is the rotation matrix of the frame fhg rel-
ative to the frame fsg.

To calculate the joint angle velocity θ̇ ∈ <7 from
the hand velocity, the pseudo-inverse matrix J + is
used according to the redundancy of the arm of
WABIAN-RII; that is,

θ̇ = J + s �vs , (5)

where

J + = J T (J J T )−1.

where J is 6 × 7 Jacobian.
Figure 5 shows a control system for the follow mo-

tion of its upper-limb.
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Figure 5: Control system for the upper-limbs.

The biped robot recognizes the guiding direction of
human motion by the above arm control system, and
then decides the next walking pattern while synchro-
nizing it with the preset walking condition. In a case
where no pattern is selected, we program to let the
preset condition be continued by the biped robot.

In addition, we know from the transfer functions of
ZMP equations that the above control method doesn't
cope with initial value problem and doesn't satisfy the
law causality, because of characteristics of the Lorenz
function. From the simulation and experimental tests,
we know that the trunk compensation motion begins
to move earlier than the shift of ZMP on the floor.
This means that the trunk compensation a�ects one
or more steps before and after in a pattern time. To
solve these problems, a method is described below.

(a) The motion patterns of the lower-limbs are given
as unit patterns, which have one before and one after
gait attributes of a step pattern (in consideration of
the trunk's motion dynamics). By combining some
simple and selective patterns, it is possible to realize a
following motion by a biped robot similar to a human.
The unit patterns that are combined from three gait
patterns (step forward, backward, marking time) and
are computed to have a continuous position, velocity
and acceleration of its trajectory, are calculated o�-
line.

(b) The trunk compensatory motion relative to the
moment generated by the lower-limbs is computed o�-
line, and it gives the biped robot sets of unit patterns
in the same way as the lower-limb's patterns. Through
experiments, we could clarify that in circumstance of
movable margin of the trunk's angle, the ZMP shift
caused by the upper-limbs' smooth motion could be
ignored. This was done so that the change in attitude
of the upper-limbs could be disregarded to make the
control technique simpler.



Even during a high-speed motion, it is possible to
make a unit pattern of the trunk motion by taking into
account only one step before and after of a unit pattern
as an attribute. The unit patterns were created using
a software simulator, and include indexes for pattern
searching and attribute of current, before and after
steps. These unit patterns are preloaded as one step
long angle data in the computer memory of the biped
robot.

To con�rm the validity of the fellow motion con-
trol, human-follow walking is experimented using the
WABIAN-RII. As a result, human-follow walking is
realized with the step velocity of 1.28[s/step] and the
step length of 0.1[m/step].

4.2 Emotion Expression

If biped robots express emotions using their walk-
ing and body motion, we can smoothly communicate
with the biped robots and greatly improve a�nity. In
this section, we describe how to parameterize emotion
expression. In realizing a happy walking, the initial
and �nal states of the biped robot are set as follows:

• the middle and �nal x-positions of the foot are
set as 0.15[m] and 0.078[m], respectively.

• the initial and �nal accelerations of the foot are
0.05[m/s 2], respectively, and the y-position of the
foot is -0.2[m], and the orientation of the roll axis
of the foot is -20[deg];

• the initial angle of the yaw axis of the foot is set
as 30[deg];

• the z-position of the waist in the middle of the
swing phase is set as -0.1[m] for the waist to move
up and down;

• the angle of the roll axis of the waist in the mid-
dle of the swing phase is -10[deg]. The initial
and �nal angular velocities are -1.0[deg/s] and
1.0[deg/s], respectively;

• to shake largely the pitch axis, the ratio of the
pitch and roll moments between the trunk and
waist is 0.7. The angles of the pitch and roll axes
of the head are -10.0[deg] and 10.0[deg], respec-
tively;

• the ratio of the pitch angle of the shoulder to the
yaw angle of the trunk is 2.5.

In consideration of these initial and �nal parame-
ters, the position and orientation of the foot, waist
and head xf oot ∈ <6 , xwaist ∈ <6 and xhead ∈ <3 can

be determined by a polynomial. In making a smooth
motion, at least seven constraints are required. Three
constraints come from the selection of the initial and
�nal values:

x(t0 ) = x0 , x(tf ) = xf , x(tm) = xm, (6)

where t0 , tm and tf are the initial, intermediate and
�nal times of a step, respectively.

The position and orientation x have an additional
four constraints that are the zero initial and �nal ve-
locity and acceleration:

ẋ(t0 ) = 0, ẋ(tf ) = 0,

ẍ(t0 ) = 0, ẍ(tf ) = 0. (7)

These seven constraints are satis�ed by a polyno-
mial of six degree. The sixth order polynomial is writ-
ten as

x(t) = a 0 + a 1t + a 2t
2 + a 3t

3 + a 4 t
4

+a 5 t
5 + a 6 t

6 , (8)

and the velocity and acceleration along the path are
clearly

ẋ(t) = a 1 + 2a 2t + 3a 3t
2 + 4a 4 t

3 + 5a 5 t
4 + 6a 6 t

5 ,

ẍ(t) = 2a 2 + 6a 3t + 12a 4 t
2 + 20a 5 t

3 + 30a 6 t
4 . (9)

Combining Equation (8) and Equation (9) with
seven constraints, we can specify a linear set of seven
equations (a 0 · · · a 6 ). The desired positions and ori-
entations of the waist obtained from Equation (8) are
changed by the compensatory motion control algo-
rithm to compensate for the moments produced by
the motion of the head, lower-limbs and upper-limbs
during the walking. In addition, the compensatory
trajectory of the trunk is obtained by the iteration
method, depending on the ratio between the compen-
sation moments of the trunk and the waist and the
initial position and orientation of the trunk. Also, the
arm trajectory is de�ned using forward kinematics,
depending on the shoulder position and orientation.

We have conducted emotional walking experiments.
In the experiments, three emotions such as happiness,
sadness and anger are considered. The experimental
schemes are as follows: (1) the preset walking patterns
of the lower-limbs, waist and head are planned accord-
ing to the motion parameters determined by emotional
simulations: (2) the compensatory motion of the waist
and trunk is calculated using the compensatory mo-
tion control algorithm to realize the stable emotional
walking: (3) each emotional walking pattern is com-
manded to the WABIAN-RII using the program con-
trol.



In these experiments, the dynamic complete walk-
ing is realized with the step time of 1.28[s/step] and
the step width of 0.15[m/step]. In addition, each emo-
tional walking is evaluated by ten undergraduates as
two steps(not agree or agree). Table 1 shows the eval-
uation of emotional walking. The agreement rates in
the happy and sad walking are 90 percent and 80 per-
cent, respectively. On the other hand, the agreement
rate in the angry walking is 30 percent because the
joint angles of the WABIAN-RII are limited.

Table 1: Evaluation of three emotional walking.

Walking style Agreement [%]
Happy walking 90
Sad walking 80
Angry walking 30

5. Conclusion

There are many challenging aspects in building a
biped humanoid robot that can interact and cooperate
naturally with humans. To realize human-like walking
such as the emotional walking and the follow walking,
a pattern switching method and a parameterization of
the walking motion are proposed. The follow walking
and the emotional walking are con�rmed by experi-
ments.
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Abstract 
The human leg with segments, joints and many muscles 
is a complicated device. Yet, in dynamic situations such 
as running, hopping or jumping we behave with ease and 
without being overwhelmed by the complicated task. We 
argue that this is possible due to a careful arrangement 
and fine tuning of all properties from which stability and 
robustness emerges. Robust and stable systems are easy 
to control.  
 

1. Introduction 
 
Wheeled vehicles are able to economically cover 
long distances as long as the substrate is sufficiently 
convenient. On rough terrain legged systems are of 
advantage. They can use defined footholds, can 
jump across obstacles and can orient their bodies. 
However this results in a much higher degree of 
freedom of the movement system. Wheeled vehicles 
have a degree of freedom of two. The frontal 
movement is powered by the motor, the lateral 
movement is enabled by the steering movements of 
the driver. In contrast animals and humans can also 
raise and rotate their bodies. In addition each of the 
multisegmented body appendages has additional 
degrees of freedom (ca. 7). This is the main reason 
for the enormous difficulty to control legged robots.  
 
Most walking machines are slow. This facilitates 
control. Another strategy is to reduce degrees of 
freedom. Examples for this strategy are mixed 
wheeled and legged systems and pantograph legs 
[1]. The only fast machines built so far, are the 
hopping machines and their successors built at the 
MIT-leg laboratory [2]. Here the construction not 
only used reduced degrees of freedom but also the 
inherent dynamics provided by elastic telescope 
springs. This can also be seen as a way to reduce the 
complexity of the control system. The control 
system determines the angle of attack of the leg and 
the time of telescopic expansion of the pneumatic 
spring. In fact bouncing is due to the principal 
roughness of legged locomotion, where the leg is 
facing an impact at each touch down, the only mode 

of fast locomotion. A springy leg determines the time 
course of force generation and thus facilitates leg 
control. If this is not guaranteed the controller must 
deliver its decisions within the short contact times 
(see below). Everybody who observed the walking of 
artificial quadrupeds knows that this demand is far 
from present possibilities. 

 
Technical walking and running is per se inspired 
from natural examples. With respect to the question 
how to solve the formidable task of locomotion 
control it is again worthwhile to examine nature. We 
are used to talk about central pattern generators, 
reflex loops, and heterarchic control. However, we 
have neglected for many years the intimate 
relationship between the mechanical properties of the 
system and those of the control. Recently several 
studies have revealed their relevance and some have 
even coined the contradicting term "neuromechanics" 
for a newly emerging field. Let me give some 
prominent examples. The pendulum mechanism for 
walking as championed by Hemami [3], Cavagna et 
al. [4], and Mochon and McMahon [5] has been 
known for many years. However with respect to 
robotics the break through came with the studies of 
McGeer [6] who constructed simple passive walkers 
to support his calculations. Physical modelling 
helped him to understand, that the length relation 
between shank and thigh is not just an accident of 
evolution but is necessary for swing leg to clear 
ground. In many studies [7,8] we have put forward 
that many legged systems in nature such as crabs and 
cockroaches use the same basic dynamics during 
locomotion as vertebrates. During fast locomotion the 
legs interact to operate like a single spring. Recent 
realisations in different machines confirm the 
elegance of this approach (Full, pers. comm.). In fact 
the sprawled posture of the arthropods generally 
interpreted in terms of static stability has turned out 
to be a measure to increase stability of locomotion in 
the horizontal direction. Disturbances at the legs are 
compensated due to passive features of the system 
[9,10]. It is important to realise that footing of each 



leg becomes much less critical. Even small and 
imprecise neural networks are sufficient for control. 
It is well known in mechanics that systems 
described by coupled nonlinear equations can 
behave very different depending on initial 
conditions and selected parameters. They may 
display unpredictable chaotic behaviour or may 
converge to stable situations e.g. limiting cycles. 
Pedal systems are per se nonlinear. In addition, in 
biological systems the comprising materials have 
complicated properties. By applying a series of 
models from very simple lumped-parameter models 
to multi-body models with many degrees of freedom 
combined with experimental investigations we try to 
identify principles of operation of the human leg. 
Recently, we focus on stability. 
 

2. Results 
 
2.1. The global properties of the human leg 
during running 
 
Running as a bouncing gait can be described by a 
simple lumped parameter model: the spring-mass 
system [11] (Fig.1). The system generates an impact 
onto the ground depending on landing velocity. 
Depending on the stiffness of the spring the contact 
time can be short (stiff spring) or long (compliant 
spring). The distribution of horizontal force is 
described by the angle of attack of the system. For 
the case of symmetric operation deceleration is 
equal to acceleration and continuous locomotion 
possible. The point of operation of such a system is 
partly set by physical physiological conditions. The 
friction coefficient limits the angle of attack. The 
amplitudes of the vertical oscillation should be 
small to facilitate visual sensation and diminish the 
cost of locomotion. This is due to the fact that small 
oscillations reduce the vertical force and enhance 
contact time which can be generated with slower 
muscles.  

 
Recent observations (Seyfarth, Geyer, pers. com.) are 
signalling that other issues may be of similar 
importance. A small deviation in the angle of attack 
of the leg spring at touch down results in net 
acceleration or deceleration of the system. Imagine 
that the leg would continue the same landing strategy 
i.e. the same angle of attack at the next step. Due to 
the acceleration during the previous step there is now 
an increasing or decreasing mismatch between speed 
and angle of attack. For close to natural leg stiffness 
the angles of attack used by the human runner are 
within a range where running may be stable with 
respect to speed. Slight mismatches in the motor 
program are compensated by the behaviour of the 
system.  
 
2.2. The contribution of the different joints 
 
Due to the degrees of freedom of a system with two 
joints the quasi-elastic operation of the leg in 
principle could be realised by compensating inelastic 
operation of the two joints. Experimental 

observations [12] have shown, that quasi-elastic 
operation is a good first approximation. (The 
deviations will be discussed below.) During hopping 
knee and ankle joint are operating largely 
synchronous. During running the knee joint in 
general reaches the point of maximum bending 
slightly earlier than the ankle joint. In the long jump 
the goal of maximum jumping distance results in a 
similar synchronous operation of the joints. 
Synchronous operation seems to be of advantage [13].  
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Fig. 1: Simple spring-mass system describing hopping,
running, and jumping
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joint over extents.



 
Copying nature in its essentials one could envision a 
robot leg built of three segments of equal length 
with built in rotational springs. Unfortunately, such 
a system is highly unstable. After a short rotation 
synchronisation alters. Flexion in one joint is 
accompanied by extension in the other (Fig. 2). The 
joints are working against each other. In 
overextending joints torque changes sign. Such a 
highly unstable situation would impose serious 
demands on any control system. A closer look to 
nature offers a basket with solutions [14]. One 
answer is geometry: Imitating the arrangement of 
leg segments of human runners result in a 
considerable enhancement of the synchronous 
working range. An additional improvement is 
possible by introducing slightly nonlinear spring 
characteristics. Another measure is to introduce 
springs spanning two joints.  
 
2.3. Coping with losses 
 
Any real mechanical system has to cope with losses 
due to friction. These might be reduced by 
improving the joints. However, during running 
quite different sources of loss must be considered. 
Running is generated by the cyclic operation of 
human legs. The horizontal velocity of the foot 
necessarily oscillates from zero during contact with 
the substrate to a value of about double running 
speed during the aerial phase. Similarly, in vertical 
direction the foot comes to a sudden hold at touch 
down. The strategy to adapt the velocity of the foot 
to ground speed at touch down would be highly 
demanding for control systems. Especially, in axial 
direction the corresponding demand would require 
active leg shortening with velocities of about half 
running speed. In addition, the necessary active 
accelerations and the decrease in energy storage 
would increase cost of locomotion.  
 
Instead, the human runner accepts the impact due to 
the sudden deceleration of the distal masses. The 
properties of the heel pad, of the sole of the running 
shoes, the viscoelastic suspension of the muscles 
(Fig. 3), comprising a large part of the distal masses 
[13] diminish the amplitude and rise-time of the 
reaction force at touch down. This critically damped 
impact entails an unavoidable loss. To maintain 
running speed, the runner is forced to work. The 
work could be done at different joints. As the main 
losses occur in axial direction of the leg it is 
plausible to compensate the losses by active 

lengthening of the leg. Runners do that by landing 
with the knees bent, thereby diminishing the impact 
on all proximal joint surfaces, and by straightening at 
take of. This lengthening of the leg- and knee-spring 

can be provided by a drive in series to the spring.  
 
2.4. Muscle properties and attractive legs 
 
The serial arrangement of active and passive 
elements introduces another complication. Now, the 
muscle-tendon complex as a whole must guarantee 
spring-like operation. Muscles have complicated 
nonlinear behaviour characterised by the force-
displacement and force-velocity characteristics. By 

working at the ascending slope of the force-
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line: positive slope or lengthening. (after Seyfarth, et al.,
1999)

Fig. 3: Viscoelastic suspension of wobbling masses reduce
the sharpness of the impact at touch down. Left:
anthropomorphic model; right: lumped-parameter
model



displacement curve quasi-elastic operation of the 
muscle could be guaranteed. More complicated to 
deal with is the force-velocity curve. The force-
velocity curve can be understood as an important 
part of the gears of the locomotor system. While 
pulling at the drive the forces are high. With 
shortening speed the muscle's capabilities of force 
generation diminish. Ideally the muscle-tendon 
complex takes advantage of energy storage in the 
tendon and apodemes and simultaneously of the 
cheap eccentric force generation. This is exactly 
what happens during long jump [15]. The tendon is 
stretched immediately after touch down (Fig. 4). 
The rise in force is dominated by muscle 
recruitment and eccentric force enhancement is easy 
to maintain due to the eccentric operation of the 
whole leg. During take off the elastic recoil of the 
tendon powers straightening of the knee as well as 
prolonged eccentric loading of the muscle. After the 
load has fallen below the isometric point of 
operation muscle shortening dominates. Such a co-
operation requires a delicate tuning between muscle 
properties and properties of the passive tissue. Only 
technical drives with muscle like characteristics 
could take advantage of this strategy.  
 
We have seen that under certain conditions the 
spring might help to stabilise locomotion. A springy 
leg confronted with a rough ground returns 
automatically to the point of equilibrium. A 
vertically oscillating spring-mass system without 
damper would do this infinitely despite of any 
disturbances. But we have seen, that the human leg 
entails serial arrangements of elastic elements and 
musculature (Fig. 5). It is by no means obvious how 
such a system reacts to axial disturbances.  

 

For cyclic systems the Ljapunov-Criteria can be used 
to examine whether the system asymptotically returns 
to the prescribed path after disturbance [16]. It 
assumes an exponential return to the undisturbed 
condition in the state space. The local slope of this 
return can be determined from the Eigenvalues of the 
Jacobian of the equations of motion. In our case with 
changing conditions during eccentric and concentric 
periods of the loading cycle these criteria can be 
taken as a first hint together with numeric 
simulations. More advanced mathematical methods 
support our results.  
 
The results of our calculations show that for a leg 
model consisting of two massless segments and a 
knee extensor stabilisation is only possible if the Hill-
type muscle with a realistic force length curve is 
paralleled by a spring and the joint is described 
realistically including a moving joint axis. In fact 
stabilisation requires a fine tuning of all these 
properties (Fig. 6).  
 
Especially if the antagonist is spanning two joints 
antagonistic systems can provide stability with minor 
requirements with respect to tuning [17]. This is 
achieved at the cost of co-activation. For the single 

extensor system described above the activation of the 
muscle providing a suitable input for the cyclic 
movement is uniquely determined. For antagonistic 
systems this is not the case, the system is 
underdetermined. However, we can calculate 
activation pattern which provide stability for the 
system. The stability criterion serves as the necessary 
additional condition in the system of differential 
equations. With this approach we find stability for 
very simple activation patterns. Both muscles are 
activated simultaneously working against each other 
in the deflection phase. During the extension phase 
the flexor is deactivated earlier. New movements can 
be learned with co-activated muscles providing 
maximum stability. The neural network controlling 
the movement then learns to use the fine tuned 

displacement

ve
lo

ci
ty

ve
lo

ci
ty

displacement

Fig. 6: Phaseplots for a stable (left) and an unstable (right)
situation. dashed line: undisturbed; fat line: disturbed

disturbance

displacement

time

Fig. 5: Two segment model to investigate stability.



properties of the system and decreases the co-
activation.  
 
2.5. Robust control 
 
In highly dynamic situations such as running and 
jumping the delays within the spinal and cortical 
reflex loops do not allow fine tuned action during 
the short contact times. These events are largely 
steered by feed forward control. This requires robust 
behaviour of the leg as described in the preceding 
sections. If the leg behaves robust and does not 
break down in a catastrophic event during ground 
contact, control, and corrections are possible step by 
step.  
Using the simplest model of a bouncing system, the 
spring-mass-system, we investigated the suitability 
of neuronal networks for control [18,19]. Desired 
speed and angle of attack at next touch down served 
as input parameters, the take off angles where asked 
for as output and fed back into the network. It 
turned out that Multi-Layer-Perceptrons consisting 
of 7 and 9 neurons in two hidden layers were able to 
steer such a conservative system to any velocity and 
along any path (Fig. 7). Even though the system 
learned only to run at various velocities it was able 
to cover rough ground, i.e. to correct on a step by 
step basis by adapting the angle of attack. A quite 
limited number of very simple neurons is sufficient 
to control such a dynamic behaviour as long as the 
system properties remain simple and robust. 
 
2.6. Conservative behaviour of the human leg 
 
The human leg has to fulfil many different tasks 
such as static support during standing, in a hammer 
like action during a kick, or as a compliant axial 
strut during running. We investigate to which 
extent control and properties of the human leg are 
adapted to certain loading regimes by exposing it to 
artificial loading situations. An instrumented 
inclined track allows axial hopping like loading 
under reduced gravity and with loads from 28 kg to 
three times body mass. 
 
The results show that the leg adapts to increasing 
loads by increasing the distance of deceleration. 
This is achieved by extending the leg to a higher 
degree at take up and push off. Furthermore the 
amplitude and the time course of the angular 
velocity is rather similar in the different tasks. 
Almost independent of the load and thus of reaction 
force and muscle recruitment the system is used in a 

way that presumably allows optimum operation of the 
participating musculature.  

 
In the machine we could identify similar basic 
strategies as during hopping: a) quasielastic bouncing 
where the movement is largely determined by the 
action of the ankle joint and which is normally used 
during hopping at the spot; b) compliant bouncing 
where large excursions are generated by bending of 
the knee. Whereas in the first case reflexes and 
material properties seem to be tuned to generate 
smooth sinusoidal force patterns, the second shows 
bumpy force-time series. This indicates that during 
the long contact times involved the quasi-elastic 
action of the leg is hampered and the suitable 
reaction force is generated by the concerted action of 
a series of reflex loops. Similar strategies might be 
useful in robot legs. With increasing speed and 
decreasing time for the system to react the 
contribution of the mechanics of the system should 
grow. 
 

3. Perspective 
 
We have seen that robust behaviour of the human leg 
is the result of a very delicate geometrical design 
twined with intrinsic properties of the muscle tendon 
complex. Robustness reduces the load on the 
neuronal control system which is especially 
important in situations where the time for corrections 
is limited. In biomechanics legs are considered to be 
simple. This does not imply that we know all about 
legs, however, our knowledge about the whole 
locomotory system including the trunk in dynamic 
situations is rather limited. Perhaps, simple models 
which already help to predict operating frequencies 
may be useful to describe the global behaviour of 
such complicated arrangements (Fig. 8). In addition 

Fig. 7 Neuronal network for robust control of a spring-mass
system.



like in engineering the design of movement systems 
is determined by intrinsic boundary conditions 
given by the limited material properties within the 
participating structures. Transfer of principles from 

biology into engineering would be facilitated if the 
influence of these internal conditions could be 
identified. 
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Fig. 8: Elastic beams under torsion and bending describe
the action of the trunk of quadrupeds during trotting and
galloping.
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Abstract 

The idea of building artificial animals is an old 
dream of manhood, handed down through centuries 
by mythology and poetry. May it be the Troian 
horse, Olympia the puppet or L. A. Ryggs 
"Mechanical horse", always the concepts aimed at 
an artificial humanoid or at reverse engineering of 
one of man's pets. Not surprisingly Sony's ® 
"AIBO" as the first commercially available 
"animate" is a biomomimetic copy of a pet. This 
anthropocentric approach ignores the fact that 
ancestral animals as well as most of the currently 
living animals are and were small – in the size of a 
mouse or a rat. We and our pets inherited most of 
our locomotory capabilities from the ancestral 
mammals, adapting mechanisms and control by 
only a a small amount in comparison to what 
happened 200,000,000 years ago when "modern" 
mammals were derived from reptile-like forms in a 
dramatical "reconstruction process". "Biological 
inspiration" of walking machines using mammals 
as paragons has to be founded on knowledge about 
the basic principles of mammalian locomotion, 
visible in small species. From this starting point, 
special locomotory adaptations of large cursorial 
mammals like humans, camels or horses may be 
identified and seperated from what is our common 
evolutionary heritage. 

1. Introduction 
 
Does nature provide better constructive solutions 
than engineers are able to invent? The current 
fashion-like approach of "back to nature" in the 
engineering sciences (which in its core is romantic 
and thus some 200 y old) yet did not result in 

obviously improved features of products. The 
original bionic approach led to pure biomimikry, 
and with the lack of adapted materials the simple 
copying of natural constructions in most cases 
could not result in improved technology. But 
perhaps should "learning from nature" be 
understood as the systematic analysis and 
understanding of biological principles and its 
transfer into machines by technical means? To test 
this approach the transfer of a functions tested by 
evolution for several 100 My promises best results. 
Legged locomotion in this context is of highest 
interest for engineers constructing non- wheel-
driven vehicles as well as for biologists. 
Biological Inspiration of the building of a walking 
machine may choose its paragons from the whole 
variety of species described by zoology. 
Terrestrial legged animal locomotion is a principle 
which seems to be under high evolutionary 
pressure what concerns the mechanical needs and 
solutions, since the overall motion of cockroaches 
[cf. Garcia et al., this issue] and cursorial 
mammals like horses may be explained by the 
same simple equations describing spring-mass 
systems [1], even if the neural control structures of 
these only far-related animals are quite different. 
But on the other hand, the morphological 
differences between species, base of classical 
taxonomy, indicate that these functional solutions 
may be realised by several mechanisms. 
Historically the ideas for realising animates mainly 
aimed at humanoids for service purposes, or at 
man's pets, if higher loads were planned to be 
carried. "The Mechanical Horse" [2] (fig. 1) nicely 
illustrates this anthropocentric approach by simply 
making copies of pets, which from a biological 
perspective is a very inefficient way to provide 



 

engineers the informations they need for the 
construction of a technical walking machine. 
 

 

Figure 1: "The Mechanical Horse", patented for 
L. A. Rygg 1893. [2] 

From an evolutionary point of view, man and his 
pets are cursorial specialists each, showing 
morphological adaptations to the mechanical 
needs of species-specific locomotion. This 
specialisation is derived from a complete chain of 
heritage without any gap, with only slight 
modifications from generation to generation. Thus 
today's structural, mechanical, neural needs in 
each animal have to interact with evolutionary 
"decisions" millions of years of age old. Once a 
switch was turned, and it directed development 
and the range of possible adaptations in an 
irreversible manner. All recent animals have to 
deal with the material properties of musculature, 
all are controlled by a central nervous system 
which with the same main locomotory control 
functions was available already 200 My ago. In 
reptiles, which seperated from mammals at least at 
that time, the motoneuron pools for the extremities 
have the same locations as in mammals [3]. A 
morphological and functional convergence to the 
current situation from different starting points has 
only a low probability. 
Biomometic copying of the specialist "horse" into 
a walking machine without knowing about the 
functional and evolutionary background which led 
to this biological solution thus is programmed to 
fail. But how to uncover the share of evolutionary 
heritage in relation to that of adaptations to current 
needs? Surprisingly, most of the living mammals 
and the ancient representants of the mamalian 
"stem line" own a common property: they are and 
were small and light-weighted, with body masses 
less than 1 kg (fig. 2). 
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Figure 2: Most of the living mammalian species and the 
ancestors of modern mammals are and were small. [4] 
 
They all look more or less alike (here 
demonstrated by the potograph of a pika Ochotona 
rufescens, fig. 3) – some species owning a tail, 
some not – and, what have shown our own studies 
of the recent years, move in quite comparable 
manner, as well as what concerns kinematics as 
dynamics [5-10]. This is the reason why we 
suppose that small mammals may teach us the 
basic principles of mamalian locomotion. On this 
basis we may derive the special adaptations of 
large mammals like horses, which are the 
traditional load carrying "walking machines" of 
man,  to special environmental needs. 
 

 

Figure 3: Pika (Ochotona rufescens) sitting near the 
amplifier of a cineradiographic apparatus (Philips®, 150 
frames /sec).  
In front of the device a Kistler® force plate (200 mm x 
120 mm). [4] 

To transfer these principles into a machine by 
technical means, thus extending the catalogue of 
possible technical solutions, not to substitute 
techniques by biology is the bionic strategy 
realised by the programm "Autonomous Walking", 
granted by the German Research Council DFG. 

 



 

2. Small mammalian quadrupeds 
 
Cineradiographies taken with the apparatus shown 
in fig. 3 show that 30 % or more of spatial gain 
during cyclic locomotion of small mammals is 
produced by sagittal bending of the trunk for more 
than 40° (fig. 4). The vertebral column and its 
driving musculature (paravetrebral and in the 
thoracic/abdominal wall) are the "main engines" of 
the animals. 
 

 

 
 
Figure 4: Crouching of the trunk and bending of the 
vertebral column of a pika (Ochotona rufescens) during 
cyclic locomotion (half-bound). The pelvis is coupled 
fix to the vertebral column and thus indicates its 
orientation. 
 
Even between not nearly related species the 
configurations of the extremities during the 
locomotion cycle are quite comparable, rather 
independantly of the gait pattern chosen. This 
observation allows us to abstract leg movement 
into the stick figures of an idealized mammal 
(fig. 5). 
A pantograph, which is more or less rectangular, 
during about 90° of rotation around the legs' 
bearings at the trunk in the stance phase is 
crouched to guide the animal's center of mass in a 
spring-mass system. The springs are muscles, the 
stiffer and faster ones mainly serving as bi-
articular, tunable coupling elements, the compliant 

slower mono-articular ones mainly offering the 
possibility to elastically store energy (fig. 6). 

 
 
Figure 5: Stick figures of the legs of a variety of small 
mammals at the reversal points of a motion cycle (foot 
down, foot up).   
The grey shaded ellipses contain the stick figures of an 
"idealized mammal". [11] 

 

 
Figure 6: Concept of the "pantograph leg" of small 
mammals. This model is derived from cineradiography, 



 

topographic typing of muscle fibres and 
electromyography, in a study on twelve species. [4] 
Main elements of the springs are the muscle 
bellies, containing elastic proteins like titin and 
nebulin [12, 13]. Combining cineradiographic data 
with force data yields the results that joint torques 
in the extremities are rather uniform, independent 
of the species under study (fig. 7). 
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Figure 7: Comparison of the joint torques of four 
species of small mammals (two species owning a tail 
and two without a tail). 
 
Interlimb coordination shows no distinct phase 
shift patterns allowing to identify "gaits", 
synchronous and symmetrical patterns are chosen 
in high variability and may be combined with one 
each other from one step to the next. Speed gain 
mainly is achieved by an increase of step 
frequency (decrease of step duration, fig. 8), in 
extreme keeping half-bound coordination schemes 
over a tenfold range of velocity. 
 
T [msec] 

 
Figure 8: Cycle duration of the half-bound of a pika 
(Ochotona rufescens) as a function of speed. [11] 
 
 
3.  Large mammalian quadrupeds 
 
On the basis of the above described principles of 
the functional morphology of small versatile 
mammals we are able to point onto the special 

adaptations  of the evolutionary younger, large 
mammals, used by man as load-carrying pets. 
Large cursorial mammals like horses use motions 
of their vertebral columns in notable, but much 
lower extents than small mammals do (fig. 9). 

 
    t[sec] 
 

Figure 9: Bending excursion of the vertebral column of 
a horse during gallop. Data taken from high-speed films 
(200 frames/sec). 
 
Due to the decreasing muscular capabilities with 
growing body mass (load is increasing by the third 
power of length, muscle forces are proportional to 
the cross sectional areas of muscles, which only 
increase by the square of length) the leg 
construction is extended, the long elements are of 
uneven length, the long tendons of the muscles 
serve as springs (fig. 10). 
 

 



 

Figure 10: The spring construction formed by the 
tendon of the long finger flexor of a horse, acting 
around the fetlock joint. [14] 
 

 
 
Figure 11: Simple model of a horse in gallop. 
 
These springy legs interact with a bending beam in 
the trunk [15] (fig. 11). Collagenous tendons own 
fixed elastic properties, the spring-mass systems 
have rather fixed resonance frequencies. The 
consequence is that horses show the well-known 
phenomenon we call "gaits" (fig. 12). 
 

 
 
Fig 12: Cycle duration of a horse as a function of speed. 
Within one gait the frequency is kept rather constant. 
[16] 
 
4. Principles to be transferred into a 
machine 
 
The main influence factor on the extension of the 
legs  and the reduction of sagittal spine bending in 
large mammals seems to be the limited range of 
adaptibility of structural properties of the materials 
of the locomotor apparatus (producable tension in 
muscles, sustainable tension in support tissues, 
Young’s modulus).  In our first "naive" approach 
of transferring principles of natural locomotion 
into a four-legged technical walking machine  
["BISAM II", cf. Ilg et al., this issue] we assume 

that these limitations may be overcome by 
technical materials. Thus we construct the 
machine as an enlarged small mammal, hoping on 
small mammals‘ versatility in combination with 
large mammals‘ load carrying capacities. If our 
simulations and results of experiments identify 
limitations of currently available technical 
materials for these purposes, we shall follow the 
adaptive principles shown by large mammals. In 
detail this leads to the following rules for our basic 
construction: 
 
1. Use rectangular pantograph legs with 

minimally three segments (what concerns 
proportions cf. Blickhan et al. this issue). 

2. Guidance of parallized segment in the 
pantograph should be realized as a stiff 
coupling, the coupling of neighboured levers 
should be more compliant. 

3. The leg drive should be located near to or on 
the trunk (proximal). 

4. Tuning of the height guidance of the CoM 
should be realised by distal elements (near to 
the ground). 

5. Fore- and hindlimbs may have the same 
construction. 

6. Legs should use standard dynamics. Reactive 
control for needs of propulsion should mainly 
act on the hindlimbs. 

7. In a first step, optimise the leg construction in 
interaction with a stiff trunk. 

8. In the next step, allow sagittal bending of the 
trunk preferably to lateral bending or torsion. 

9. The pivots of the legs may be shifted 
longitudinally (like in the scapula of a horse). 

10. Follow Raibert’s and Buehler’s principles and 
do use resonance processes for quadrupedal 
walking machines! 

 
5. Outlook 
 
Biomechanics is not only humano-mechanics. 
Extension of our field of view to what is outside of 
our anthropocentric perspective yields high 
potential to derive principles from nature, which 
may enlarge and enrich the engineer's toolbox. 
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Abstract

In this paper, we discusssomeof thekey issuesinvolved
in thedesign,analysis,andimplementationof ‘invertebrate-
like’ robots.Usingascaseexamplesseveralnovel ‘trunk and
tentacle’ robot armsrecentlyconstructedat ClemsonUni-
versity, we discussthedesignof ‘continuousbackbone’and
‘snakelike’ robots,andtheir motionplanning.Thepotential
of thesetypesof robotsfor enhancedmanipulationandloco-
motionis discussed.

1. Introduction

Traditional robot manipulatorsare basedstrongly on
thehuman(vertebrate)model,with a (relatively small
number of) rigid links connectedby joints. Thus,
like the humanmodel, bendingdown the length of
the structureis restrictedto a small numberof (fixed)
points.While thisworkswell in numerouscases,there
aremany examplesin naturewherea differentdesign
philosophyprovesto bemoreadvantageous.

For example,in invertebratestructuressuchasthose
in ‘tongues,trunks,andtentacles’,highly dextrousma-
nipulationcanbe producedvia compactstructuresin
which bendingcan occur down along the length of
thestructure[14, 24]. Considertheexamplesof octo-
pustentaclesor elephant’s trunks,which canperform
‘whole arm’ manipulationsin clutteredenvironments
beyondthecapabilityof conventionalrobots.

Snakesarevertebrates,but theirability to bendates-
sentiallyarbitrarypointsalongtheir bodyallows them
to maneuvereffectively in terrainthatis inaccessibleto
wheeled,tracked,or evenleggedmachines[7].

Theabove typesof examplesprovide inspirationto
engineersseekingto recreatethe abilitiesof creatures
in thebiologicalworld [6]. However, engineersdo not
have analogsof many of the amazingactuationand
sensorysystemspresentin theanimals.

At ClemsonUniversity, weareconductingextensive
researchin the areaof biologically inspiredrobotics,
concentratingon the developmentof robot ‘tongues,
trunks,andtentacles’.We areworking with bothdis-
crete(figure 1) and continuous(figure 2) backboned

devices, eachtype of which presentsinterestingand
uniquechallenges.In thispaper, wesummarizethere-
sultsof our efforts sofar, concentratingon designand
motionplanningissues.

Figure1: Discretebackbonedelephant’s trunk robot.

Figure2: Continuousbackbonetentaclerobot.

2. Design Issues

Naturesuggeststwo differentstrategiesfor construct-
ing ‘invertebrate’robotlimbs; (1) an‘essentiallyinver-
tebrate’(snake-like) approach,usinga ‘discreteback-
bone’ comprisedof (a large numberof) small links;
and (2) a ‘fully invertebrate’continuousbackbone.
Eachof thesecasepresentsuniqueissues.

In case(1) above, bendingoccursat distinct and
well-definedpointsof themechanism,with the‘inver-
tebrate’effect comingfrom thelargenumberof joints
andsmall interveninglinks. This canbeconsidereda
particularclassof hyperredundantrobot [2], or a nat-



ural extensionof thetraditionalrobotwith thenumber
of joints tendingtowardsinfinity andthe link lengths
towardszero. Physicalexamplesof this typeof robot
includeserpentinerobotsatNASA JetPropulsionLab-
oratory[20], theEMMA manipulator[10] by GreyPil-
grim, Inc., andthe ‘Elephant’s Trunk’ robot at Clem-
son [1, 26] (figure 1). Backbonedrobot ‘snakes’ are
describedin [4, 16, 19]. A seriesof novel ‘snake’
robots,which have inspiredour own efforts, and in-
deedmuchof this field of research,aresummarizedin
[12].

The‘discretebackbone’approachhastheadvantage
of being (conceptually)a simple extensionof tradi-
tional designs,andthusamenableto traditionalkine-
maticanalysis.However, asdiscussedin thefollowing,
thelargenumberof jointsandsmalllinks leadto diffi-
cultiesin weight,actuationandcomplexity of analysis.

In case(2) (continuousbackbone)above, bending
can occur at any point along the structure(this is of
courseappealingfrom the perspective of ‘whole arm
manipulation). This type of robot is termed‘contin-
uum’ in [22]. Examplesof manipulatorsof this gen-
eral typearegivenin [5, 27]. The‘joint space’in thus
infinite-dimensional. Practicalconsiderationsdictate
thatthesedevicesmustbeactuatedby afinite setof in-
puts. A key questionthereforeis how to constrainthe
backbonesothatit canbeeffectively movedby afinite
setof actuators.

The trunk robot in figure1 hasa 32 degreeof free-
dombackbone,consistingof 16two degreeof freedom
joints connectedin series.The motion capabilitiesof
therobotcloselyresemblethatof a realelephant.For
moredetails,see[26]. The tentaclerobot in figure 2
featuresa continuousbackbone,andbendsin threedi-
mensions. Both robots,along with similar variants,
areunderinvestigationin the roboticslaboratoriesat
ClemsonUniversity.

A key questionis how best to actuatethesetypes
of devices. Two strategies presentthemselves: local
andremoteactuation.Local actuation,asfeaturedin
[4, 16, 19, 20], while conceptuallysimple,hasseveral
major disadvantages.Traditional electric motorsare
relatively bulky andheavy, andtheprospectof having
to packageandmovea largenumberof suchactuators
distributedthroughthe robot is unattractive. The use
of alternativetypesof actuators,suchasnew classesof
artificial muscles[23] for local actuation(asis found
in thebiologicalequivalents)is aninterestingpossibil-
ity. However, at thepresenttime, it seems,at leastfor
macroscopicdevices,thatthestrengthof currentartifi-
cial musclesis insufficient.

For theabovereasons,in our robotswehavechosen
to follow the strategy of remoteactuationfor our de-

vices. Tendonsprovide a simpleway of transmitting
power throughthe structure,andallow the devicesto
befairly light, astheactuatorsthemselvesareremote.
Thetrunk in figure1 is actuatedby 8 pairsof tendons,
andthetentaclein figure2 by 4 tendonpairs. Similar
remotetendondriveapproachesareusedto actuatethe
EMMA robot[10] andtheKSI tentaclerobot[13].

An importantfactor in determiningthe capabilities
of suchremotelyactuateddevicesis thephysicalrout-
ing of the tendons. Our group is conductingexten-
sive analysesof the effects of tendondisplacement
(from the backbone),conduit selection,and termina-
tion points on robot workspaceand strength. Initial
resultsarereportedin [15].

Thekey remainingdesignissueis how to endow the
deviceswith structuralstiffness.In thecaseof theten-
taclerobotin figure2, thebackboneitself (arodof cir-
cularcross-section)providesthebasicstiffnessproper-
ties.Noticethatrobotsof quitedifferentcharacteristics
canbeobtainedby changingbackbonerods.Thetrunk
robot in figure 1 is constrainedby a seriesof springs
running(segmentto segment)down theexteriorof the
device. Thisprovidesthepassiveconstraintsthattrans-
form theactuationvalues(4 for thetentacle,8 for the
trunk) to thedegreesof freedom(theoreticallyinfinite
for thetentacle,32 for thetrunk)of thedevice.

In eachtype of device, the resultingrobot is rela-
tively light, highly maneuverable,andvery compliant,
which togetherprovide ideal testbedsfor researchin
biologically inspiredrobotmanipulation.However, in
orderto make useof thedevices,themotionsmustbe
effectively plannedandcoordinated.

3. Motion Planning

In additionto theissuesinherentin designingandcon-
structingeffective continuumrobots,the issueof mo-
tion planningis a significantchallenge.Oneimmedi-
atedifficulty is thesheercomplexity of thekinematics.
Evenfor the‘discretebackbone’typesof robots,where
conventionalkinematicscanstill sometimesbe valid,
the numberandcomplexity of termsinvolved canbe
formidable.

Themostcommonlyfollowedapproachin theliter-
aturein this casehasbeento useconceptsfrom dif-
ferentialgeometryto analyzethekinematicsof a con-
tinuous ‘backbonecurve’, and then ‘fit’ the discrete
robotbackboneto thatcurvein someappropriateman-
ner [2, 3, 17, 18]. However, a practicalproblemwith
this approachis that real robotshave constraintsthat
are not taken into accountby traditional differential
geometricmethods[8]. Thus the real robotsbendin



waysnot possiblefor the theoreticalcurves,andvice
versa! In addition,the existing methodsprovide little
intuition.

However, significantprogresscanbe madeby ob-
serving common featuresthat are inherent in these
types of robots, such as locally constantcurvature.
Thisfeature,commonto all therobotsdescribedin this
paper, is a naturalresultof actuatinga stiff backbone
(with stiffnessprovided by springsin the trunk robot
example,andby theinherentstiffnessof thebackbone
rod for thetentacle)with finite pairsof tendonstermi-
natedat discretepointsalongthe structure. Between
the tendonterminationpoints,the naturalbehavior of
thedevice is to assumeaconfigurationof constantcur-
vature.

For anexamplewith a planarcontinuousbackbone
robot, seefigure 3. (Here the ‘backbone’is a spring
steelbar, andthe actuationis by a singlepair of ten-
donsroutedthroughdiscretediscs,andterminatedat
the ‘end effector’). A curve of constantcurvatureis
overlaid on the figure, andit canbe seenthat the de-
vice assumesan almostconstantcurvatureconfigura-
tion. Similar behavior canbeseenin thefiguresof the
trunk manipulator(note:4 constantcurvaturesections
in theplanein thiscase)in figures1, 4, and5.

Figure3: Continuousbackboneplanarrobot.

In recentworks, we have proposedseveral alterna-
tive methodsfor trunk andtentaclekinematicswhich
exploit the constantcurvature feature[8, 9, 11]. In
[11], it is observed that a robot madeup of constant
curvaturesectionscanbe modeledasa seriesof pris-
matic/revolute joints (onepair per section)wherethe
translationandrotationvariablesof eachjoint pair are
coupledand determinedby the curvatureof the sec-
tion. This factis usedto definetheforwardkinematics
of therobotusingtheconventionalDenavit-Hartenberg
technique.This in turn yieldsa manipulatorJacobian
(relatingchangesin curvature to taskspacevelocities),
the pseudoinverseof which canbe usedto plan cur- Figure4: Elephant’s trunk robot- curved.



Figure5: Elephant’s trunk robot-outstretched.

vature space velocitiesusingconventionalredundancy
resolutiontechniques.Detailsandexamplesaregive
in [11].

A key featureof thework in [11] is thereplacement
of thetraditionaljoint anglesin thekinematicsby local
curvatures. This allows us to reducethe problemof
determiningthe shapeof the robot (given task space
requirements)from a large dimensionalproblem(32
axesfor the trunk robot, andtheoreticallyinfinite for
thetentacle)to aspaceof thedimensionof thenumber
of actuators(8 for thetrunk,4 for thetentacle).This is
both computationallymoretractableandsignificantly
moreintuitive.

A similar ‘modaldecomposition’approachhasbeen
proposedfor abstractspatial ‘fitting’ curves in [3].
However, in [3] the modal functionswere chosento
be the Fourier basisfunctions. In [8], we argue that
otherbasisfunctions(suchasthesetof curvaturesde-
scribedaboveandin [11]) aremore‘natural’ andeasy
to usethanthe Fourierbasisset(for example,a finite
setalwaysdescribestherobotconfiguration).In [9], an
alternativebasissetbasedonWaveletdecompositionis
usedto describethesecontinuumrobots. In this case
the‘joint angles’becomeaWaveletbasisset,theshape
of which canintuitively beseento definetheshapeof
theoverallrobot.Thisapproachis proving to behighly
usefulfor motionplanningfor thedevices.

However, effective performanceof the devices is
also dependenton the solution of other, lower level,
problems. The overall kinematicsfor thesetypesof
robots involve issuesnot found in traditional robots.
The kinematicsmust take into accountthe backbone
stiffnessprofile, andexternal forcesdueto gravity or
contact(notethat a uniqueactuatorpositiondoesnot
translateinto a uniqueposefor the robot). In [8], a
kinematicmodel taking into accountthe above issue
is proposed. The model reveals someuseful struc-
ture (including an appropriatemappingfrom changes
in local curvaturesto cablelength changes,required
for control). However, the resultingsystemof differ-

entialequationscanbehardto solve. We arecurrently
conductingactiveresearchin this area.

4. Discussion and Conclusions

Thepotentialfor thetypesof ‘invertebrate’robotsde-
scribedin this paperis huge.The inherentmaneuver-
ability andcomplianceof thedeviceslendthemselves
to a numberof arenas.For example,theability of the
structuresto bendat essentiallyarbitrarypointsoffers
theopportunityfor operationin clutteredandobstacle-
filled environments,if sufficient actuationcanbepro-
vided. Notice that a (biological) elephant’s trunk can
manuever very effectively in crowdedspaces.This is
alsotruefor theclassof robotsdescribedhere.

The lack of rigid links, or ‘bones’ (at leastof any
significantsize)is thekey to theabove maneuverabil-
ity. It it alsothekey to the inherentcompliancein the
structures,which canbendaroundevenquitecomplex
shapedobjects.This hasobviousbenefitsfor making
‘soft’ robotsfor hazardousenvironmentsor for inter-
action with humans,and also suggestsstrongpoten-
tial for ‘whole armmanipulation’(interactionwith the
world along a length of the structure,as opposedto
simply theendeffector),which is a key featureof the
biologicalequivalents.

Motivatedby our previous work in robot manipu-
lation inspiredby biology (specificallyinvolving rac-
coons[25] andraptors[21]) we planto investigatethe
potentialof thetrunkandtentaclemanipulatorsfor im-
pulsivemanipulation,wherethedynamicsof theinter-
actionbetweenthe robot andthe environmentareac-
tively exploitedto achieve tasks.We believe thatthese
‘trunk andtentacle’robotsoffer anovelandinteresting
vehiclewith which to testnew manipulationstrategies.
We arecurrentlyconductingwhole arm manipulation
experimentswith the trunk manipulator, and in 2000
we plan to mount a tentaclearm (figure 6) to a mo-
bile platform to conductexperimentsin biologically
inspiredimpulsive manipulationresearch.Resultsin
this directionwill bereportedin futurepapers.

Figure6: Continuousbackbonespatialrobot.

Longertermapplicationsfor therobotstructuresde-
scribedin this paperinclude inspectionand payload
transportin complex environments,remoteteleopera-



tion, medicalapplications,andlocomotion.The latter
caseseemsparticularlyinterestingin the longerterm,
if currentconstraintson weight, power, and sensing
canberesolved.
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Abstract

The control problem for two serial flexible multilink
robotswhich carry a commonrigid payloadis considered.
An adaptive controllerwith feedbackand feedforward ele-
mentsis presentedwhichcantrackaprescribedtrajectoryfor
the payloadwith simultaneousvibration suppressionwhen
themanipulatedpayloadis sufficiently large.

1. Introduction

Theadaptivecontrolof robotmanipulatorshasbeenp-
resentedasa solutionfor dealingwith uncertaintyand
variationof the massproperties.Although thesesys-
temsare nonlinear, globally stabletrackinghasbeen
demonstratedbothanalyticallyandsupportedthrough
experiments[1]. Thekey to theseresultshasbeenthe
linear dependenceof the model on the unknown pa-
rametersand, in many cases,the passivity of an ap-
propriateinput-outputmapping[2]. For instance,with
rigid robotsit is well known that the mapfrom join-
t torquesto joint rates is passive and this property
can be usedto explain the stabilizationpropertiesof
many motion control strategies including the ubiqui-
tousproportional-derivativepositionfeedback.

Motivatedby the utility of the passivity conceptin
rigid robotcontrolandits occurrencein a singleflexi-
ble link whenthereflectedtip rateis takenastheout-
put [3], thepresentauthorintroducedthe � -tip ratein
[4] whichgeneralizedthisoutputto open-chainflexible
manipulators.Passivity usingthis outputwasdemon-
stratedfor ����� whenthe manipulatedpayloadwas
muchmoremassive thanthe manipulatoranda feed-
forward which permittedits usein trackingproblem-
s was constructedin [5]. The adaptive counterpart
of that controller was detailed in [6] and variations
of both controllerswere implementedexperimentally
with greatsuccessin [7].

The extensionof the � -tip rate ideato cooperating
robot armsforming a closedchainwas treatedin [8]
wheredetailedstabilityproofsandexperimentalresult-
s were presented.An interestingfeatureof this de-
velopmentwasthe occurrenceof a free-loadingshar-

ing parameterwhich wasusedto distributethecontrol
torquesbetweenthe two armsand form the general-
ization of the � -tip rate. Beyond this, the dynamics
andcontrol of cooperatingflexible armshasreceived
little attentionbut therehasbeensome[9,10]. Thispa-
perrepresentsthedénouementfor the line of research
pursuedin [4-8]. A fusionof the previous techniques
is broughtto bearon the problemof adaptive control
for cooperatingflexible robot armsin the casewhere
the payloadis significantly larger than the manipula-
torsbut otherwiseunknown.

Simulationresultswill bepresentedfor a systemof
two planararmseachwith threejoints that manipu-
latea sharedrigid payload.Eacharmhastwo flexible
links anda third rigid link which is cantileveredto the
largerigid payload.Excellenttrackingis demonstrated
with simultaneousvibrationsuppressionfor theadap-
tivecontrollerwhenthepayloadissufficiently largefor
avarietyof load-sharingparameters.

2. Cooperating Flexible Robots

� �	

 �
������ ��

� � � � � � � � � � � � � � � � � � � �� � � � � �� � ���� � ������ ��� � ���! "# $% & & ' ' '' ' '� � � ���� �� ����(
Figure1: Closed-LoopMultibody System

Thiswork dealswith a chainof flexible and/orrigid
bodiesasshown in Figure1. Bodies

� �
and

�*)
are

cantileveredin an inertial referenceframe + � soasto
form a closedloop. Thebodiesareconnectedby rev-
olute joints and ,.-0/21436587:9<; , =>-?�*@2@8@BA , denotes
thecollectionof joint anglesand CEDF-G/H14365IC D 9 ; is the
collectionof A D elasticdegreesof freedom.

Thebody
��J

, �LKNMOK>A , is taken to bea rigid
payloadundermanipulationandit is assumedthat M



is equalto thenumberof rigid degreesof freedomafter
loop closure.The joint anglesandelasticcoordinates
arefurtherpartitionedas, � - /H1�365I7:9P;RQB=S-.��Q2@2@8@HQTMUQ (1),WVX- /H1�365I7 9 ;RQB=S-YM[Z\��Q2@8@2@HQTA]Q (2)C � D - /H1�365^C D 9 ;�Q_=`-a�4Q8@2@2@2QTMUQ (3)C�V D - /H1�365^C D 9 ;�Q_=`-�MbZY�4Q8@2@8@BA]c (4)

The payloadposition d is interpretedas a six-tuple
whosetop half containsthe position of

��J
with re-

spect to
� �

and whose bottom half is an attitude
parametrizationsuchasEulerangles.

The payload position can be written as d -� �fe , � Q_C D �8g - � V e ,<VfQ_C D V g where
�ih

, jk-0�4Qml , are
theforwardkinematicsmaps.Its velocity is givenbynd]-Yo hqp e , h Q_C h D g n, h Zro h D e , h QTC h D g nC h D Qsjt-a�4QmluQ (5)

where o hqp , o h D , jL-[��QTl , are the correspondingJa-
cobianmatrices.The � -tip ratedescribedin Sec.1 is
definedbyndEv - � ndwZ e �Fxy� g2z {F� o � p n, � Z { V2o|V p n,<VH} (6)- ndLx e �Fxy� g2z {F� o � D nC � D Z { V8o|V D nC�V D } (7)

where
{ �

with ~�� { � �a� and
{ V -��|x { � will be

termedload-sharingparameters. For ��-�� , dEvS-�d ,
the true payloadposition, while for ��-[~ , d v de-
scribesan outputbasedon the joint motion alone. If
the approximationso hqp e , h Q_C h D g c-�o hqp e , h Qm� g , j�-��QTl , aremadethenthe integral of (6) yields d�v e6�Bg -�Ed e��Bg Z e ��xi� gHz {�� � �fe , � Qm� g Z { V � V e ,�VfQm� g } where�yh e , h QT� g aretherigid forwardkinematicalmaps.The
control torquesareassumedto bedeterminedaccord-
ing to � - z � � @8@2@ �2) }��y- z { � o � p { V o V p }��t�� (8)

where �� is a collectionof M control inputs;hencethe
load-sharingdescriptionfor the

{ h
. The paperestab-

lishesa control schemefor

� e��Bg
so that d e��Bg tracksa

prescribedpayloadtrajectoryd�� e6�Bg .
3. Large Payload Dynamics

In [8], it was establishedthat the dynamicsof the
closed-loopflexible robot under the assumptionthat��J

waslargeweredescribedby���m�<�dwZ�� � e dsQ nd g nd�-?�� Q (9)� � e dsQ nd g ndS- n� �m��nd�x �V�� e nd � � �m�*nd g_� � dsQ (10)�� D�D �C D Z�� DBD nC D Z�� D�D C D -x z { � o D � { V o D V }q�t�� c (11)

In thefirst of these,
� �m�

is thetask-spacemassmatrix
of theequivalentrigid armevaluatedat , h - �¢¡ �£ h e d g
where

� ¡ �£ h e @ g , jy-¤�4Qml , are the rigid inversekine-
maticsmaps. Hence,(9) and (10) are equivalent to
the rigid-body task-spacemotion equations. In the

secondequation,
�� D�D - �� � D�D�¥§¦ is the mass

matrix relative to C D assumingthat the large payload
forms a clampingboundarycondition ( d0-�� ) and¨ D�D - ¨ � D�D�¥ ¦ is the stiffnessmatrix. We have
addeda dampingterm © D�D nC D with © D�D -a© �DBDª¥«¦
which is requiredin thestability proof in theadaptive
case.

A further simplification is possibleif one includes
only the payloadcontributionsto

� �T�
. First, recog-

nize that in this case(9) is equivalent to the motion
equationfor a single rigid body with kinetic energye � � l g nd � ���m� nd]- e � � l g�¬ � � ¬ where� -�ª®°¯ x|±<²±�² ³ ´ Q ¬ -��µ¶ ´ c
Here,

¬
is thegeneralizedvelocityof thepayloadbody

expressedin abody-fixedframeconsistingof thetrans-
lationalvelocity µ in thetop three-tupleandtheangu-
lar velocity ¶ in the bottom.

�
is the correspond-

ing (constant)massmatrix containingthe zeroth( ® ),
first ( ± ), andsecond( ³ ) momentsof mass.Note that¬ -[· e d g nd where ·¸-[¹uºq»f¼P5:½ J¾� e d g QÀ¿ J¾� e d g ; ,½ Jª� is the rotationmatrix describingthe orientation
of
��J

with respectto
� �

, and ¿ J¾� is thecorrespond-
ing matrix transformingEuler ratesinto (body-frame)
angularvelocity. To facilitate the subsequentdevel-
opment, the six-dimensionalextensionof the cross-
operatoris definedby¬ÂÁ -  ¶ ² ¦µ ² ¶ ² ´ Q ¬ � ¬sÁ -G�Ec
The notation

e @ g ² denotesthe 3 Ã 3 skew-symmetric
matrixusedto implementthevectorcrossproduct.The
motionequation(9) cannow bewritten in theform� n¬ Z ¬tÁ � ¬ -G· ¡ � e d g �� c (12)

4. The Adaptive Controller

The desiredtrajectory is prescribedby 5^dE�4Q ndE��Q �d��f;
andit is assumedthat d��¾ÄÆÅd�� (constant)as

� ÄÈÇ .
Thefollowing quantitiesplay anessentialrole:¬ � - · e d g nd � QÉ¬ - ¬ x ¬ � -G· e d g nÉd*Q ÉdS-\d`x�dE��Q¬ £ - ¬ � x¢· e d g�Ê É dEvË-G· e d g2z ndÌ�Fx Ê É dEv�}�QÉdEv - dEv¾x°d�vf�4Q (13)



É¬ £ - ¬ x ¬ £ -�· e d g2z nÉd�Z Ê Éd�vR}�Q (14)Í v - nÉ d�vÎZ Ê Éd�v�Q (15)

where
Ê - Ê � ¥�¦ and d�vf� is the desiredform ofd�v discussedbelow. Giventhestructureof thepayload

motionequation(12),ourchoiceof feedforwardtorque
canbewrittenas· ¡ � �� � -«Ï e n¬ £ Q ¬ £ Q ¬tgBÐÒÑ- � n¬ £ Z ¬sÁ£ � ¬ (16)

where
Ð -./2143�5 ® QT±ÓQqÔf; (Ô is a columnof thesix inde-

pendentmomentof inertiaelements)and Ï is termed
theregressormatrix.

Thedesiredbehaviour for theelasticdisplacements,C D � , is definedby�� DBD �C D � Zr� D�D nC D � Z � D�D C D � -x z {F� o � D { V2o|V D } � �� � (17)

andthedesiredform of d�v is definedby
ndEvf�¾- nd��Õxe �Öx¢� g2z {F� o � D nC � DT× � Z { V8oFV D nC�V DT× � } . Subtracting(16)

from (12)and(17) from (11)yieldsthefollowing form
of theerrordynamics:� nÉ¬ £ Z É¬ Á£ � ¬ - · ¡ � e d g É� (18)�� D�D �É CEDÂZ�� D�D nÉC�DØZ � DBD É C D -x z {F� o � D { V8o|V D } � É� (19)

where
É� Ñ-��� xw�� � and

É C D -G/H1�3�5 É C � D Q É C�V D ; Ñ-iC D xÙC D � .
Now considerthefunctionÚ v - �V É¬ �£ � É¬ £ Z �V e �Fxy� gFÛ nÉC � D �� D�D nÉ C DZ ÉC � D ¨ DBD É C DTÜ (20)

which is nonnegative if �Ý�¤� . Its time derivative
yields,aftersubstitutingfor theerrordynamics,nÚ v - e �� x �� � g � Í v x e �Fx°� g nÉC � D � D�D nÉ C D c (21)

Integratingwith respectto time from zero to Þ ¥ß~
and taking

Ú v e ~ g - ~ yields à �� e �� xU�� � g � Í v�á � -Ú v e Þ g Z e �Öx°� g à �� nÉC � DE� D�D nÉCÌD á � which suggeststhat
themappingÍ v -�â z �� xr�� � } embodiedby (18), (19),
(15), and

nÉ dEv�- nÉdyx e �kx�� gHz { � o � D nÉC � D Z { V o V D nÉ C V D
is passive [11] if �\��� . On thebasisof thepassivity
theorem[11], Í v¢ã�ä V if �� xå�� � -�xÖæ z Í v } and æ
is a strictly passive operator, i.e., à �� Í �v æ z Í v } á �rçè à �� Í �v Í v á � , é<Þ�¥�~ , é Í v ã\ä V D , andsome è ¥�~ .
(If è -\~ , æ is apassiveoperator.)

Now, let us replacethe parametersin the feedfor-
ward in (16) with estimates� Ð�e��Bg andmotivatedby the

passivity theoremuseapositive-definitefeedbackgain
matrix � � -Y� �� ¥\¦ for æ :�� -G· � Ï e n¬ £ Q ¬ £ Q ¬Âg � Ð�e6�Bg x�� � Í v c (22)

Hence,xiê �� e �� xr�� � g � Í v�á � - x ê �� É Ð �sÏ � · Í v�á �Z ê �� Í �v � � Í v á � c
Theoperatoræ will bestrictly passiveif

É Ð
is apassive

functionof xÎÏ � · Í v . Thesimplestsuchfunction if
knowledgeof thetrueparametersis to beavoidedis an
integrator. Therefore,nÉ Ð - n� Ð - x|ëFÏ � e n¬ £ Q ¬ £ Q ¬sg · e d g Í v Q (23)ë - ë��r¥ì¦
Thefinal form of thecontrollergivesusthefollowing:
Theorem. Theuseof thecontrollergivenby (8), (22),
(16),and(23)yields

Éd e��Bg Ä�� as
� Ä?Ç .

Proof. It hasbeennotedthaton the basisof the pas-
sivity theorem,Í vwã]ä V . Now, considerthefunctioní - Ú v Z �V É Ð � ë ¡ � É Ð ¥ì~ e �°��� g c
Using(21), (22),and(23), its time derivativesatisfiesní -«x Í �vE� � Í v x e �|x°� g nÉ C � D © D�D nÉ C D Kå~Pc
Hence Í v�ãaä VÕî äkï ,

nÉC D ã>ä VÕî äkï ,
nÉdEv ãaä V ,É dEv ã«ä VÕî äkï , and

É dEv�Äð� as
� ÄðÇ . Since

í
is bounded,so are

É Ð
and

É¬ £ . Since Í v , nÉ d v , Éd v , nd � ,�d��ªÄ[� as
� ÄÈÇ , sodo

¬ £ and
n¬ £ . Therefore,

É� -�� xì�� � Ä§· � Ï e n¬ £ Q ¬ £ Q ¬Âg É Ð -�� . Since
É C D is the

solutionof thestablesystemin (19) with
É� Äñ� , thenÉ C D Ä�� . Whenthis resultis combinedwith
Éd�v`ÄÈ� ,

then
É d`Ä�� . ò

5. Numerical Example

Simulationresultswill now bepresentedfor a system
of two planararmseachwith threejoints thatmanipu-
latea sharedobject(Figure2). Eacharmhastwo flex-
ible links anda third rigid link which is cantilevered
to the large rigid payload. Bodies

���
,
� V , �só , and�*ô

are modelledas an inboard rigid body, a homo-
geneous,isotropic flexible beamexhibiting in-plane
bending(with bendingstiffnessõÒö ), andanoutboard
rigid body. Themasspropertiesof eachbodyarepre-
sentedin Table1 where® , ÷ , and ø arethezeroth,first,
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Figure2: Systemfor Simulation

andsecondmomentsof massrelativeto theinboardat-
tachmentpointof thesub-bodyand � is its length.The
gearedactuatorsexhibit a lumpedrotor inertiaeachof
which is givenin Table2.

This is a mathematicalmodel of an experimental
testbedconstructedin the Departmentof Mechani-
cal Engineeringat the University of Canterbury in
Christchurch,New Zealand.An analysisof thesystem
vibrationmodesandbothexperimentalandsimulation
resultsfor the nonadaptive form of the controllerpre-
sentedin this paper( � Ð - Ð in (22)) is presentedin
[8]. Thecloseagreementdemonstratedtheresuggests
that the simulationresultsgiven herefor the adaptive
caseareindicativeof whatwouldbeachievedin exper-
iment. Otherdetailsconcerningthe modellingproce-
dureandthesimulationof theexactmotionequations
(no largepayloadapproximation)subjectto the loop-
closureconstraintarediscussedin [8].

Thedesiredtrajectoryis acircle for thecentreof the
payloadwith constantorientation. The centreof the
circle is given by d�� - z x|~Pc �Æ~Óc����Æ~:} � m and its
radiusis � � - ~Pc ��� m. The payloadpositionaround
thecircle is measuredwith theangle � e6�Bg with �Y-«~
correspondingto the “3 o’clock” position. This angle
is selectedso that the first semicircleis an accelera-
tion phasewith � e ~ g -�� � l (roughly the position in
Figure 2),

n� e ~ g - �� e ~ g - ~ , n� e Þ g -ñl�� � Þ , and�� e Þ g -Y~ with � e��Bg - e � � l g Z e � �_� Þ g x��_º � e � �_� Þ g .
Thenext threefull circlesareperformedwith constant
angularvelocity

n��-�l�� � Þ . The last semicircleis a
decelerationphaseterminatingwith � e �fÞ g -!� � l andn� e �fÞ g - �� e �:Þ g -�~ , with � e �:Þ�x �Bg -"�°x#� e��Bg ,~ÙK � KåÞ .

For the following study, Þ§-%$ sec., � - ~Pc & ,Ê -(' � ¯ in (15), and � � -(' � @R· e d)� g � � · e d�� g
in (22), where ' � -"$+*m»4¹ � � . The valueof ë in the
adaptationlaw is selectedto be diagonalwith entries

Table1: RobotMassProperties

� ® ÷ ø õÒö
(m) (kg) (g @m) (g @mV ) (N @mV )

Base
(
�s� - �-,

) 0.600

Arm 1� �
rotor 0.037 2.66 1.84 0.23� �
link 0.406 0.20 40.4 10.9 39.3� �
stator 0.062 1.92 112. 8.43� V rotor 0.082 1.80 15.8 2.19� V link 0.360 0.18 32.3 7.76 39.3� V stator 0.067 0.93 54.6 4.15

Payload
(
�-.

) 0.598 15.7 4670 1950

Arm 2� ó
rotor 0.067 0.93 7.99 1.02�só
link 0.327 0.19 26.1 9.69 39.3�só
stator 0.112 2.10 206. 24.3�*ô
rotor 0.077 2.23 10.2 3.26� ô
link 0.390 0.16 37.3 5.69 39.3� ô
stator 0.037 2.53 92.5 131.

Table2: RotorInertias

joint (g @mV ) (g @mV )
1, 6 128. 128.
2, 5 150. 307.
3, 4 16.1 16.1

givenby /)010G-2$3' � Þ � /)010 where�/)010 - 4 ê �� Ï e n¬ � Q ¬ � Q ¬ � g � ¡ ��Ã Ï e n¬ � Q ¬ � Q ¬ � g á � } 010 c
Given the planarnatureof the problem

Ð
effectively

contains4 parameters:® , ÷65 , ÷67 , and ø�898 . For sim-
plicity, we take dEvf� c-Yd�� sothat(17) is not used.

Initially, thecontrollaw wasimplementedusingon-
ly the feedbackportion ( � Ð2: � ) with balancedload-
sharing(

{F� - { Vª-«~Pc � ). Theresultingtrackingper-
formanceis illustratedin Figure3 with largeposition
andorientationerrorsin evidence.Whenthe feedfor-
wardwasimplementedusingthe trueknown parame-
ters ( � Ð;:�Ð

), the trackingperformanceillustratedin
Figure4 wasobtainedwith correspondingerrorsand
orientationgiven in Figure 5. There is considerable
improvementover theresultsusingPDfeedbackalone



with simultaneousvibrationsuppression.
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Figure3: SimulationResultsfor PDFeedbackControl

The resultscorrespondingto the useof the adapta-
tion law in (23) with � ÐEe ~ g -�� areshown in Figure
5 for two differentload-sharingscenarios.Interesting-
ly, they aresignificantlybetterthanthefixed(known)
parametercasewhich occursbecausethe feedforward
is basedon thepayloadalone.Theadaptive form evi-
dentlyhastheability to accountfor the“missing” mass
in thearms.Theevolutionof threeof thefour parame-
terestimatesis shown in Figure6. As mightbeexpect-
ed,theparametersdo not convergeto thetruepayload
valuesbut largervaluesindicativeof theentirerobot.

6. Conclusions

A passivity-basedadaptive controllerhasbeendevel-
opedfor two flexible robot armswhich manipulatea

large rigid payload. The underlyingpassivity proper-
ty dependsonly on the sizeof the payloadandhence
is robustwith respectto thestiffnesspropertiesof the
link andthenumberof modelledmodes.A free load-
sharingparameterpermitstherequiredjoint torquesto
besharedbetweenthearmsin anarbitraryfashion.

The robotic systemused in the numericalexam-
ple exhibited significantdeparturesfrom the assumed
payload-dominatedmodel: thepayloadmassis on the
orderof that of the two robot armsandthe joints ex-
hibit significantrotor inertias.In spiteof theseeffects,
theadaptivecontrollerworkedquitewell.
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Sira–Raḿırez, H., Passivity-Based Control of
Euler-Lagrange Systems, Springer–Verlag,Lon-
don,1998.

[3] Wang,D. andVidyasagar, M., PassiveControlof
a Stiff Flexible Link, Int. J. Rob. Research 11,
572–578,1992.

[4] Damaren,C. J., Passivity Analysis for Flexible
Multilink SpaceManipulators,J. Guidance, Con-
trol, and Dynamics 18,272–279,1995.

[5] Damaren,C. J., ApproximateInverseDynamics
andPassive Feedbackfor Flexible Manipulators
with Large Payloads,IEEE Trans. Robotics and
Automation 12,131–138,1996.

[6] Damaren,C.J.,AdaptiveControlof Flexible Ma-
nipulatorsCarryingLargeUncertainPayloads,J.
of Robotic Systems 13,219–228,1996.

[7] Christoforou,E.G.andDamaren,C.J.,TheCon-
trol of Flexible-Link RobotsManipulatingLarge
Payloads:TheoryandExperiments,J. of Robotic
Systems, To appear, 2000.

[8] Damaren,C. J.,On theDynamicsandControlof
Flexible Multibody Systemswith ClosedLoops,
Int. J. Rob. Research 19,238-253,2000

[9] Krishnamurthy, K., and Yang, L., Dynamic
Modeling and Simulation of Two Cooperat-
ing Structurally-Flexible Robotic Manipulators,
Robotica 13,375-384,1995

[10] Matsuno,F. andHatayama,M., RobustCoopera-
tive Control of Two Two-Link Flexible Manipu-
latorsontheBasisof Quasi-StaticEquations,Int.
J. Rob. Research 18,414–428,1999.

[11] Desoer, C. A. andVidysagar, M., Feedback Sys-
tems: Input-Output Properties, AcademicPress,
New York, 1975.



time (sec)

x-position (m) vs. time

time (sec)

y-position (m) vs. time y-position (m) vs. x-position (m)

-0.5

-0.4

-0.3

-0.2

-0.1

0 5 10 15 20 25
0.5

0.6

0.7

0.8

0.9

1.0

0 5 10 15 20 25

des.
fixed
pars.

0.5

0.6

0.7

0.8

0.9

1.0

-0.5 -0.4 -0.3 -0.2 -0.1

Figure4: FixedParameterResults

time (sec)

x-pos (m) error vs. time

time (sec)

y-pos (m) error vs. time

time (sec)

z-orientation (rad) vs. time

fixed par.
C1 = 0.25
C1 = 0.75

-0.04

-0.03

-0.02

-0.01

0.00

0.01

0.02

0 5 10 15 20 25
-0.05

-0.03

-0.01

0.01

0.03

0.05

0 5 10 15 20 25
-0.1

0.0

0.1

0 5 10 15 20 25

Figure5: TrackingErrors

time (sec)

mass (kg) vs. time

time (sec)

c_y (kg-m) vs. time

time (sec)

J_zz (kg-m   ) vs. time2

estimate
payload value

0.

10.

20.

30.

40.

0 5 10 15 20 25
-1.0

0.0

1.0

2.0

3.0

4.0

5.0

0 5 10 15 20 25
0.

5.

10.

15.

20.

0 5 10 15 20 25

Figure6: ParameterEstimates



Spontaneous generation of anti-gravitational arm motion
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Abstract

A neuro-musculo-skeletal  model of human upper limb is
constructed that can spontaneously generate natural
reaching motion without prior formation of an optimal
trajectory.  Given a goal position, the model immediately
generates muscular activation signals that tend to move the
hand to the goal, utilizing  the anatomical constraints of the
body motion.  The simulated motions agree with those of
humans, suggesting that such mechanism may be
incorporated in actual human motor control.

1. Introduction

It is generally accepted that human well-practiced

movement is generated along a priorly planned trajec-

tory that minimizes a certain objective function such

as hand position jerk or rate of change of joint

torque[1,2].  In order to generate appropriate muscle

stimulation signals for an optimally planned hand tra-

jectory, an inverse-dynamics problem of the musculo-

skeletal system should be solved in the brain[3].  Hu-

mans, however, can also generate reasonable motions,

even for natural unconcerned gesture or inexperienced

motion, in which we can not assume formation of an

optimal trajectory based on an objective function.

Human motion seems to be generated not to re-

sist against the anatomical constraints of the human

body, such as limb kinematics, inertial properties of

limbs, range of joint motion, muscle size and attach-

ment and so on.  Such body constraints may be uti-

lized so as to spontaneously induce casual  movement.

Based on this hypothesis, in this study, we attempt to

develop a neural network model that can spontaneously

generate natural reaching motion toward a target.  An

inexperienced  targeted reaching movement can be re-

garded as an example of  natural, casual motion.

2. Model

2.1 Musculo-skeletal model

Human mimetic musculo-skeletal model is constructed

as  two-dimensional three rigid links representing up-

per arm, fore arm and hand in a sagittal plane as shown

in Figure 1.  The equations of motion of the three rigid-

link system are derived as

M(q)q h(q,q) g(q) (q) (q) T˙̇ ˙ ˙+ + − + =α β (1)

where q  is a (3 ×  1) vector of joint angles, T  is a (3 ×
1) vector of joint torques caused by contraction of

muscles, M(q)  is a (3 ×  3) inertia matrix, h(q,q)˙  is a

(3 ×  1) vector of torque component depending on

Coriolis and centrifugal force, and g(q)  is a (3 ×  1)

vector of torque component depending on the gravity

respectively, elements of which are functions of

parenthesized variables.  α (q)  and β(q)˙  are (3 ×  1)

vectors of the torques exerted by the joint elastic and

viscous elements, which defines the passive resistive

torques due to joint capsules and ligaments, restricting

ranges of joint motions.  The inertial parameters of each

segment are determined  so as to be equivalent to those

of actual human.  The joint elastic and viscous elements

are represented by the following double-exponential

function[4] and the linear viscous elements:

α j j jk k q k k k k q= − − − − −1 2 3 4 5 6exp( ( )) exp( ( )) (2)
β j j jc q= ˙ (3)

where α j  and β j  are the torques exerted by elastic and

viscous elements around the j  th joint (the j  th element

of α (q)  and β(q)˙ ), q j  is the j  th joint angle, and k1 6~

and c j are coefficients (see Table 1), respectively.

Figure 1. Musculo-skeletal model



Table1. Joint parameters

  Joint        k1         k2         k3        k4          k5          k6       c
Shoulder 1. 2.16 -0.12 1. 3.35      2.02    1.6

Elbow 1. 3.96 0.70 1. 3.14      1.73    0.8

Wrist 1. 2.04 -0.76 1. 2.40      0.83    0.5

On each upper extremity, total of 8 muscles are

considered including biarticular muscles as shown in

Figure 1.  Moment arms of the muscles are assumed to

be constant irrespective of joint angles.  The joint torque

vector T  can be expressed as

T G F= − ⋅T (4)

where F  is a (8 ×  1) vector of muscle forces, and G  is

a ( 8 ×  3) matrix of the moment arms.  Each muscle

generate force according to muscle activation am  by

the following muscle model[5]:

f f k h am m m m m= ⋅ ⋅ ⋅( ) ( )ξ η
k m m m( ) . . exp . ( ) sin . ( . )ξ ξ ξ= + − −{ } −{ }0 32 0 71 1 11 1 3 72 0 66
h m m( ) tanh( . )η η= +{ }1 3 0 (5)

where m  is muscle number, fm  is muscle force, fm  is

the maximum muscle force, Lm  is muscle length, Lm

is the optimal muscle length, L̇m  is muscle shortening

velocity (positive for stretching), L̇m
 is the maximum

muscle velocity (=3.0m/s), ξm  is the normalized muscle

length L Lm m/ , ηm  is the normalized muscle velocity
˙ / ˙L Lm m

, k m( )ξ  is the force-length relationship, and

h m( )η  is the force-velocity relationship, respectively.

Muscle activation dynamics are modeled by the fol-

lowing equation:

τ ( / )da dt a ym m m= − + (6)

where ym is a motor command to the muscle from the

nervous system, τ  is the muscle activation time con-

stant (=0.07sec).  Musculo-skeletal parameters, such

as moment arms and maximum muscle forces are de-

termined by literature so as to be equivalent to those of

actual human.

2.2 Nervous model

2.2.1 Motion generating principle

In this study, motion is generated based on the follow-

ing pseudo-potential P , the minimum point of which

is the goal position,  x0 , represented in the spatial co-

ordinate.

P T= − −( ) ( )q q W q q0 0 (7)

where q0   is the joint angles of the limb when the goal

position x0  is reached, W  is a (3 ×  3) positive definite

weight matrix.  In order to generate motion based on

this potential,  the muscles need to generate joint

torques satisfying the following equation:

T W q q q q= − − +( ) ( ) ( )0 α g (8)

It is theoretically confirmed that such system is stable

because of the viscous property of the joints[6].

2.2.2 Recurrent neural network model

In order to generate joint torques by Equation (8), q0

has to be estimated from the goal position x0 , which is

represented in the spatial coordinate provided by the

visual system.  However, because the number of

degrees of freedom of joint angles exceeds that of the

two-dimensional spatial coordinate system, there are

infinitely many combinations of joint angles to point

the same position.  Here we consider to utilize the

dynamics of a recurrent neural network[7] to

spontaneously transform spatial position into joint

angles.  In order to construct a recurrent neural network

that can autonomously estimate the joint angles from

present hand position, the following potential function

Iu  is defined:

I d mj
q

u

j
i

i

T
i
g

T

j

j

u g r u

J u u q x x J u u q x x

= − + − ⋅

+ − − −{ } − − −{ }

∫∑ ∑δ α θ θ

κ

( ( ) ( ))

( )( ) ( ) ( )( ) ( )
2 0 0 (9)

where u  is the neural representation of joint angles,
uj  is the j  th element of  u  , q j  is the angle when
α j = 0  (neutral posture), mi  is the mass of the i  th
segment, ri

g  is a (2 ×  1) vector of center of gravity of

the  i  th segment,  g  is the gravitational acceleration

vector, J u( )  is the Jacobian matrix at u , and δ  and κ
are coefficients.  The first and second terms represent

total potential energy stored in the musculo-skeletal

system of the upper limb.  The third  term denotes a

p e n a l t y  f o r  n o t  s a t i s f y i n g  a  c o n s t r a i n t

J u u q x x 0( )( ) ( )− − − =0 , which decreases as the hand

position x u( )  approaches to x0 .  The  recurrent neural

network which autonomously decrease the potential

Iu can be expressed as

d dt I

T

u

u g u J J u u q x x

u u/ ( )

( ( ) ( )) ( )( ) ( )

= − ∇

= − − + + − − −{ }{ }
µ

µ δ α κ 0

(10)

where µ  is a coefficient.  According to the change in

u  represented in the nervous system, the nervous



system then calculates neural representation of joint

torques, N , according to Equation (8) as

N W u q q g q= − − +( ) ( ) ( )α (11)

In this study, it is assumed W I= w , where I  is a (3 ×
3) unit matrix, and w  is a coefficient.

Since number of muscles exceeds number of

joint degrees of freedom, another layer of recurrent

neural network is constructed for estimation of

appropriate muscle activation signals from N ,

assuming the following potential function:

I T T T T
v v v G F N G F N= + ′ − − − −ξ κ

2
( ) ( ) (12)

where v  is the (8 ×  1) vector of the inner states of

motoneurons, and ξ  and ′κ  are coefficients.  The first

term represents the sum of square of vm , and the second

term denotes a constraint that N  is equal to the

summation of the muscular forces.  The recurrent neural

network which autonomously decrease the potential Iv

can be expressed as

d dt I

T T T

v

v G F G F N

v v/ ( )

( ) ( )

= − ′ ∇

= − ′ − ′ − −{ }
µ

µ ξ κ2 (13)

y vm m= + − −max( /( exp( ) , )2 1 3 1 0 (14)

where F = diag f f f f f f f f[ , , , , , , , ]1 2 3 4 5 6 7 8 , ym  is the motor

command to the m th muscle, value of which is

restricted from 0 to 1 by the output function (14), and

′µ  is a coefficient.

By incorporating the potential described by

Equation (12), Equation (10) can be rewritten as

d dt
T T T

u u g u

J J u u q x x W G F N

/ { ( ( ) ( ))

( )( ) ( ) ( )}

= − − +

+ − − −{ } − − −

µ δ α

κ λ0

         (10*)

where λ  is a coefficient.

Figure 2 shows a schematic diagram of the

neural network model. Given the visual information

regarding a goal position, x x0 − , the neural network

model produces muscle activation signals that tends to

minimize the potential defined by Equation (9) and

(12), and motion is generated.  Then the resultant

motion (joint angles q  and muscle forces F ) is returned

back continuously to the nervous system through

proprioceptors.  Thus the entire neuro-musculo-skeletal

systems are mutually integrated, and motion that is

naturally affected by the structure and properties of the

musculo-skeletal system can be generated.

In this model,  the joint torques due to the joint

elasticity and the gravity seems to be compensated as

Equation (11), but because of the time lag or delay in

the neuro-dynamics, generated motions are actually

affected by them passively.

3. Simulation Method

Motion towards a given goal position x0  from an initial

posture at t = 0  can be calculated by numerically

integrating Equations (1,6,10*,13), which are expressed

as 25 simultaneous differential equations.  In order to

solve this initial-value problem, we use the fourth-order

Runge-Kutta method for numerical integration, for a

time interval of 0.005sec.  All programs are written in

C language on an engineering workstation (HP C160).

The  coe f f i c i en t s , µ δ κ µ γ κ λ, , , , ' , , ' ,w ,  a r e

determined as 0.01, 500/(t+1)2,800(t+1)2,10 (4 for

downward motion),0.02, 25, 5,  and 100, respectively,

so that the human-like motion can be generated.  The

values of δ  and κ  are represented as functions of time,

because d dtu /  (Equation(10*)) becomes zero before

the hand reaches to the goal, especially when motion

opposes the joint property and/or  the gravity.

4. Results

Figure 3 shows the stick figures of the simulated reach-

ing motions for two different combinations of initial

and goal positions.  A dot in each stick diagram repre-

sents a goal position, and an arrow indicates direction

of motion.  The generated trajectories are compared

with the actually measured trajectories, represented by

series of white circles in the figure.  The attached

graphs compare the joint angles (JA) and tangential

speed of hand (tan sp) for each simulated and actuallyFigure 2 Nervous model



measured motions.  The muscle activations am   (Mus

Act) are also presented.

Figure 3 demonstrates that the proposed model

can successfully generate anti-gravitational reaching

motions similar to those of actual humans.  The mini-

mum hand jark model[1] predicts linear trajectories for

these motions, but the proposed model could success-

fully generate curved paths, not going against struc-

tural restrictions of the body due to the passive joint

properties and the gravitational effect.  The tangential

speed profile also becomes a bell-shaped curve.  The

muscle activation profiles are smooth and not contra-

dicting to the motions, indicating  that muscles are rea-

sonably utilized.

5. Discussions

In this study, anatomical constraints of the musculo-

skeletal system are assumed to be represented as po-

tential functions; by utilizing the neural dynamics of

the proposed network, the redundancy problem in mo-

tor coordination is solved and structurally reasonable

motions are spontaneously generated.  Complex

musculo-skeletal structure of the human body is often

regarded as constraints or perturbations which must be

technically compensated for intended motion control.

This study implies that the anatomical constraints can

be turned into advantage, and may be utilized for in-

ducing structurally reasonable motion.  Such structur-

ally adapted motion may be energetically reasonable

as well.  Optimality of human movement seems to be

collaterally emerged as a consequence of motion gen-

eration based on the body structure.

In this study, the structurally adapted motions

are not generated by explicit control based on a priorly

planned optimal trajectories, but continuously emerged

due to attractor dynamics.  Because of the mutual in-

teractions among the entire neuro-musculo-skeletal

systems, the integrated system becomes a gradient sys-

tem, attractor of which is an equilibrium point defin-

ing a goal position and all state variables behave au-

tonomously as if a ball slides down a valley to its bot-

tom.  Therefore, reasonable motion can be spontane-

ously generated without explicit optimization.

  Synthesis of human motion generally requires

massive computational power for solving an optimi-

zation problem.  This model, however, can generate

almost real time movement by using an engineering

workstation, indicating its possible future application

in motion synthesis of a computerized mannequin for

evaluation of human interaction with system or envi-

ronment.
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Figure 3. Generated anti-gravitational motions
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Interaction between motions of the trunk and the limbs and the angle of
attack during synchronous gaits of the pika (Ochotona rufescens)
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Abstract

We analysed the trajectory of the body center of
mass (CoM) of the pika during half−bound gaits
redundantly using high−speed kinematics and
integration of ground reaction forces. The relative
motion of the CoM in the body is mainly
determined by the bending and extension of the
back. In relation to the forelimbs the CoM is
aligned with the ulna of the trailing or the leading
limb during the major part of the forelimbs‘ stance
phase. The angle of attack is rather speed−
independant in half−bound. Additionally we could
observe a distinct handedness of trailing and
leading limbs.

1. Introduction

Synchronous gaits, where the feet within a pair of
fore− or hindlimbs touch ground with only slight
time differences, gain growing interest in robotics.
In comparison to the machines using symmetrical
gaits (where feet are placed in diagonals − on the
definition of gaits cf. [1],[2]) programming work
is hoped to be simplified considerably by stronger
coupling of DOFs. In extreme the Buehler hopper
shows a pure bound, with no phase difference
occuring within a pair of legs.
Animals are as well able to produce pure bounds
(e. g. Bouncing artiodactyls like goats even move
all four legs synchronously), but the common
synchronous locomotor mode of small (and thus
the ancestral) mammals is the half−bound. The
hindlimbs are moved synchronously, while the
forelimbs show fluctuating phase lags. The leg
which touches the ground first is called„trailing
forelimb”, the other one which shows the greater
cranial excursion thus is called the„leading limb"
[3].

Material

We performed our analyses in this study with
the pika (Ochotona rufescens: Lagomorpha), a
small tailless mammal. It owns a body weight
of 150−200 g, a crown−rump−length of 140
mm and a height of the CoM over ground
45 mm (for a picture of this animal cf. Witte et
al., this issue). It lives in the steppes of central
Asia. Its kinematic motion principles have been
decovered by [4]. The half−bound is the gait
currently used by the pika as it wants to escape
rapidly (fig. 1).

Figure 1: Pika (Ochotona rufescens) in half−bound.
Cineradiography with 150 fps. Five events during
one motion cycle in time intervals of 33 ms. The
hindlimbs move synchronously, while the forelimb
show a phase difference.



2. Handedness of the forelimbs during
the pika‘s half−bound

Methods

Three pikas were filmed from the lateral side with
one camera at a frequency of 1.000 fps, half−
bounding on a treadmill at different speeds
distributed in the following intervals [1.0;1.4[
(slow), [1.4;1.8[ (medium) and [1.8;2.2] (fast). 

Results

Pikas show a preference in the choice of their
trailing forelimbs (fig. 2). With increasing speed
this preference becomes more evident. 

Figure 2: The individuals under study prefer one body
side for the first touch down in a motion cycle of half−
bound (trailing forelimb). Example for the frequency of
side−different ground contact of one individual (N=517
step cycles) to illustrate  the distinct handedness.

Figure 3: Step duration of the pika in half−bound. At
speeds > 1.8 m/s, the SD (standart deviation) of the
step duration is significantly higher (p < 0.05) for the
leading limb than for the trailing limb. SD have to be
read on the right scala. At each speed N = 20 motion
cycles were analysed.

The step duration of a pika is described by a
decreasing power like function of speed [4]. In
half−bound, this function may be linearized (fig.
3). At high speeds (v > 1.8 m/s), in the three
individuals under study we noted that the standard

deviation of the cycle duration of the leading
limb to the next touch down was significantly
smaller than the standard deviation of the cycle
duration of the trailing limb (p <0.05).
These two observations may reflect a functional
difference of the two forelimbs and initially
motivated the following study on the side−
different analysis of the interaction of the limbs
with the trunk. At first, we were interested in
the time−variant location of the CoM to precise
its position relatively to the limbs, and to
decover whether we could observe any effects
of „handedness" (which means kinematic
asymmetry) on the guidance of the CoM.

3. The motion of the CoM in the body
during half−bound

Methods

We filmed a pika as described in §2 running on
the treadmill at a speed of 2m/s. This speed
turned out to be the mean velocity of the pikas
as they were escaping from unexpected dangers
along our runway over a force plate. A second
camera documented the front view, to ensure
that the pika was running straight forward (the
treadmill belt is twice as wide as the pika). At
this speed, the step frequency is about 8 cycles
per second. To control the permanence of
speed, the lateral zoom−camera was adjusted in
the way that the picture just covered the length
of the pika as it was extended.
At a frequency of 1.000 fps the high speed
cameras (Camsys®, optics: zoom Fujinon®

2.0/12.5−75.5 mm) provide a resolution of 256
x 64 pixels. To control the effects of optical
distorsion, a reference grid (mesh width 10 ±
0.05 mm, steel balls of 1 ± 0.01 mm diameter)
was filmed and served as a control for
linearization means. The contour of the body
was digitised in the global frame with 35 points
alternately distributed on the vemtral and dorsal
border of the sagittal projection of the animal.
The limb segments were incorporated into the
body shape proximally of the elbow and knee
joints. 90% of the animal mass is included in
this digitised area.  
The distribution of the points on the body
outline defined a series of triangles, the areas
and centers of which were computed from the
corner coordinates. To take account of the mass
distribution, we weighed a series of 14
transversal slices of a pika frozen in its
extended position (fig. 4).
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Figure 4: Mass distribution of the trunk of a Pika
(Ochotona rufescens) including the upper arm
(proximally of the elbow joint) and the thigh.

These values were the basis for the
computational weight distribution onto the
triangles. We thus implicitely neglected the effect
of oscillating masses, or seen the other way round,
since the thickness of the zone defined by the base
of the triangle is about 1cm, this means that the
masses have been considered to oscillate locallly
in this volume.

Results

Motion of the center of mass in the body:

• The above described method leads to motion
patterns which are comparable to the pattern
issued from the two−fold integration of
ground reaction forces.

• The CoM is located just underneath the lung
base. It is closer to the ventral outline than to
the dorsal one (40:60) (fig. 5).

• The relative position of the CoM relatively to
the nose (which is a representative for the
rather unaccelerated head) is not constant
(fig. 6). The horizontal excursion of the CoM
is in fixed phase coupling with the motion of
the back. During spinal extension, which
takes place during the stance phase of the
hindlimbs, and at the beginning of the
forelimbs‘ stance phase the CoM moves
caudal. During spinal bending the CoM
moves cranial. This excursion equals about
15 % of the animals‘ length (fig. 7)

• The amplitude of the vertical motion relative
to the nose is about 10 mm (fig. 6).

Figure 5: Location of the CoM during half−bound of
a pika. For means of comparability, for this
illustration the same cineradiographic pictures have
been taken as in Witte et al., fig. 4 [this issue].
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Figure 6: Motions of the CoM relative to the nose
during half−bound of a pika.
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the nose during the half−bound of a pika for a three
steps serie. Footfall pattern are shown fig. 8.
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Vertical motions of the CoM in the global frame:

• The amplitude of the motion of the CoM at
2 m/s accounts for about 6 mm (10% of the
animal height of about 60 mm (fig. 8).

• The extension phase of the back is dominated
by a downward movement of the CoM with a
possible ascent at the end. In the flexion
phase of the back after initial descent the
CoM  moves  upward (fig. 8).

• The global vertical motion pattern may have
one or two local extrema.

Figure 8: Vertical excursions of the CoM during half−
bound of a pika and above the corresponding footfall
pattern.

Position of the CoM relative to the forelimbs:

• The angle wrist−elbow−CoM of the trailing
forelimb is about 180° during that part of its
stance phase when no other ground contacts
occur (fig. 10).

• After the leading forelimbs touches the
ground, the weight is transferred to it: the
alignement CoM−trailing ulna decreases
while the alignement with the leading ulna
becomes almost complete (fig. 10).
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Figure 10: The angle wrist−elbow−CoM of the
trailing forelimb is about 180° during that part of its
stance phase when no other ground contacts exist.
During late mid stance the leading forelimb takes
over and its ulna points to the CoM. Alignement of
the shank (kinematically eqivalent to the upper arm)
mainly occurs during aerial phases. For the footfall
pattern see fig 8.

4.  Does the angle of attack couple
with speed ?

The angle of attack is defined as the angle
formed between the connection line of CoM
and the ground contact point and the ground. To
quantify the variation of the angle of attack
with speed we take advantage of the above
detailed experience that at touch down of the
trailing limb the ulna points in the direction of
the CoM. The orientation of the ulna does not
coincide with the direction defined by the
connection line of the ground contact point
(underneath the metatarso−phalangial joint) and
the CoM. The error we provoke is a systematic
error of +5°.
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Methods

The cineradiographic apparatus accessible to us
provides 150 fps. This frame rate is insufficient to
determine significant values for the angle of
attack, since a pika may run up to 8 steps per
second. Consecutively we shaved the forelimbs of
a pika and filmed its half−bounding on the
treadmill with the high speed video system (500
fps, resolution of 256x256 pixels).
The camera field was adjusted to cover one pika
length. This enables a rigorous control of the pika
speed.

Results

• The angle of attack does not strongly variate
with increasing speed.

• The difference between the mean values are
small but significant (t−Test p<0.10 for the
four first values).

• The angle ulna/ground equals 50°,
consequently the angle of attack is about 45°.

Fig 11. The variations of the angle ulna/ground
with speed are small. The rigtht scale gives the
number of steps N used to calculate the mean
values. 

5.  Discussion

The small mammal‘s limb is a four segmented
flexed structure, which may be compared to a
pantograph [5]. It effectively allows compensation
of small irregularities of the ground and also plays
the role of a spring−damper system as the pika
runs or trots. The occurance of elastic phenomena
during legged locomotion is commonly accepted
in biology (cf. [6], [7], [8] and succeeding
publications). The movement of the human CoM

during running may be described using spring−
mass models [9], [10]. The vertical excursion of
the CoM of the half−bounding pika (about 7
mm) relatively to the leg length (70 mm) is
quite comparable to the excursion of the CoM
in human running (about 10 %) (cf. [11]). From
this point of view (in addition to many others),
it also seems promising to extend these
templates to quadrupedal locomotion [12]. In
humans the spring−leg and the mass (CoM) are
well aligned. The above described results
indicate, that the common linear spring−point
mass model may well be applied to the situation
in the pika’s forelimbs. In the hindlimbs, the
consideration of the mass extension of the trunk
seems inevitable. [13] calculate how the angle
of attack of a spring−mass system defined as
the angle which minimized the maximum of the
force during the stance phase variate as a
function of the horizontal and vertical velocity.
The variation of this angle with horizontal
velocity was also small (about 7°). 

6. Conclusion

Our study shows that the motion of the trunk is
a determinant factor in the motion of the center
of mass of a small mammal. The model of a
rigid body that jumps from one limb to the
other is not able to explain the variety of the
pattern of the vertical motion of CoM by
running locomotor modes. The bending of the
back is not a passive bending due to the inertia
of the back, since the deceleration in the
forward direction by landing of the forelimbs is
minimal (a few percent). For robotics the
Raibert idea of minimizing dissipative energy
flows in combination with the usage of
intelligent“, self−stabilising mechanics with
minimal neuronal/computational control effort
is attractive. The understanding of motion
systems evolutively tested for longer periods in
this context may be a promising directive.
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Abstract

Optimal force distribution has been active field of research
for multifingered hand grasping, cooperative manipulators
and walking machines. The articulated body mobile robot
“KORYU” composed of cylindrical segments linked in se-
ries and equipped with many wheels have a different me-
chanical topology, but it forms many closed kinematic chains
through the ground and presents similar characteristics as
the above systems. This paper introduces an attitude control
scheme for the actual mechanical model “Koryu-II (KR-II)”,
which consists of optimization of force distribution consider-
ing quadratic object functions, combined with attitude con-
trol based on computed torque method. The validity of the
introduced method is verified by computer simulations and
experiments using the actual mechanical model KR-II.

1. Introduction

The authors have been developing a new type of mo-
bile robot configuration called an “Articulated Body
Mobile Robot”. This class of robot has a snake-
like configuration and is composed of many segments
linked in series. This configuration introduces advanta-
geous characteristics such as high rough terrain adapt-
ability and load capacity, among others. Two mechan-
ical models of articulated body mobile robot called
KORYU (KR for short) have been developed and con-
structed, so far. KORYU was mainly developed for use
in fire-fighting reconnaissance and inspection tasks in-
side nuclear reactors. However, highly terrain adaptive
motions can be achieved by KR: 1) stair climbing, 2)
passing over obstacles without touching them, 3) pass-
ing through meandering and narrow paths, 4) running
over uneven terrain, and 5) using the body’s degrees of
freedom not only for “locomotion”, but also for “ma-
nipulation”. Many other related studies have been re-
ported [3]-[10], but very few practical mechanical im-
plementations are available.

The fundamental control strategies necessary for
KORYU to perform the many inherent motion capabil-
ities are: 1) Attitude Control; 2) Steering Control [1];

Figure 1: KR-II moving on uneven terrain.

and 3) Mobile Manipulator Control [2]. This paper in
particular address the attitude control problem.

1.1. Attitude control problem description

KR-II is composed of cylindrical units (Fig.2(a)(b))
linked in series by prismatic joints which generate ver-
tical motion between adjacent segments. These pris-
matic joints are force controlled so that each segment
vertical position automatically adapts to the terrain ir-
regularities, as shown in Fig.3(a). The most simple
implementation of force control is to make these joints
free to slide. However, in this case the system acts
like a system of wheeled inverted pendulum carts con-
nected in series and is unstable by nature, as shown
in Fig.3(b). Thus, an attitude control scheme to main-
tain the body in the vertical posture is demanded. This
work introduces a new attitude control based in opti-
mal force distribution calculation using quadratic pro-
gramming for minimization of joint energy consump-
tion. As pointed out in detail in this paper, this method
shares similarities with force distribution for multifin-
gered hands, multiple coordinated manipulators and
legged walking robots.

This paper is organized as follows: In Section 2 the
background on optimal force distribution problem is
described. Section 3 introduces the optimal force dis-
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Figure 2: KR-II’s mechanism and motion variables.

tribution formulation and shows an efficient algorithm
to solve this problem. Section 4 presents the mechan-
ical modeling of KR-II and introduces the feedback
control law for attitude control. Finally in Section 5
the computer simulation and experimental results are
shown to demonstrate the validity of the introduced
method.

2. Background on Optimal Force Distri-
bution Problem

Many types of force distribution problems have been
formulated for multifingered hands, multiple coordi-
nated manipulators and legged walking robots. A brief
review of the fundamental concepts and similarities
with formulation of balance equation and equations of
motion of multibody systems are described.

2.1. Balance equations for the reference member

Multifingered hands, multiple coordinated manipula-
tors and legged walking robots can be modeled as one
reference member with k external contact points as
shown in Fig.4(a). Consider the reference member pa-
rameters given by: mass m0; linear and angular ac-
celeration at the center of mass �0;!0 2 R

3; in-
ertia tensor at the center of mass coordinate H0 2

R
3�3; force F i 2 R

3and moment M i 2 R
3 act-

ing on the ith contact point; position of the contact
point with respect to the center of mass coordinate
pi = [ pi1 pi2 pi3 ]

T 2 R
3. The resulting force

and moment at the center of mass is given by F 0 =

P
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Figure 3: Effects of force control.

Pk

i=1 F i 2 R
3 and M0 =

Pk

i=1(M i + pi � F i) 2

R
3. The balance equations is given below, where the

gravitational acceleration g which in principle is an ex-
ternal force, was included in the left term for simplicity
of notation.

m0 (�0 � g) = F 0 (1)

H0 _!0 + !0 � (H0 !0) = M0 (2)

The inertial terms can be grouped as Q 2 R
6, and the

external force terms into the matrix P and vector of
contact points N ,

P =

�
I3 0 � � � I3 0

~p1 I3 � � � ~pk I3

�
2 R

6�6k (3)

~pi =

2
4 0 �pi3 pi2

pi3 0 �pi1
�pi2 pi1 0

3
5 2 R3�3

I3 2 R
3�3 : Identity Matrix

N = [F T
1 M

T
1 � � � F

T
k M

T
k ]

T
2 R

6k (4)
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Thus the balance equations are described by the fol-
lowing linear relation.

Q = P N (5)

2.1.1. General solution

The general solution of Equation (5) with respect toN
is given by

N = P
+
Q+ (I �P+

P )� (6)

as described in reference [12], where P+ is a general-
ized pseudo-inverse matrix.

Basic formulation of force distribution and descrip-
tion about internal forces concepts were first addressed
by Kerr and Roth [11]. The fundamental concepts are:
i) the general solution can be divided in two orthog-
onal vectors N = Ne + N i; ii) the partial solution
N e can be solved by Ne = P

+
Q using the pseudo-

inverse matrix; iii) the partial solution N i resides in
the null-space of P and corresponds to the internal
forces; iv) (I�P+

P ) is a matrix formed by orthonor-
mal basis vectors which span the null space of P , and
� corresponds to the magnitude of the internal forces.
Kerr and Roth used these concepts to formulate a linear
programming problem which took in account friction
forces at contact points and also joint driving forces.

Force distribution problem for gripper and hands
usually results in searching optimal values for �.
Nakamura et al were the first to formulate a nonlinear
problem using quadratic cost function kNk to solve

the internal forces [13]. Efficient solutions using lin-
ear programming were also analyzed by other authors
[14][16]. Nahon and Angeles [15] showed that mini-
mization of internal forces and joint torques can both
be formulated in an efficient quadratic programming
method, and Goldfarb and Idnami method [19] can be
used to solve this problem. Other efficient formula-
tions are also been investigated [17][18].

2.2. Multibody systems

Multibody systems differ from multifingered hands as
shown in Fig.4(a)(b) not only by the fact that in gen-
eral they have no commom reference member, but also
because that forces and moments F i;M i acting in the
contact points arises from different phisical natures. In
system (a) the external forces are exerted from the fin-
gers, manipulators or legs. However, system (b) can
not have external forces exerted from the ground. In-
stead, the forces and moments at the contact points are
originated from the gravitational acceleration and in-
ternal motion of the system itself. However, balance
equations and equations of motion for these systems
present similar characteristics as described next.

2.2.1. Balance equations

Let the variables k, F i, M i, pi be defined the same
in Fig.4(a)(b), the Equations (3)(4) are valid for both
systems, but Equations (1)(2) due to inertial forces are
not. However, the total force acting on the systems’s
center of mass can be derived as Q(q; _q; �q), i.e., as
function of generalized coordinate q; _q; �q. Hence, the
balance equations can be described by

Q(q; _q; �q) = P N (7)

Equations (7) and (5) are mathematically equivalent,
and therefore the fundamental theory discussed in sec-
tion 2.1.1 can also be applied to multibody systems.

2.2.2. Equations of motion

For the system in Fig.4(a), the problem of finding op-
timal values for contact forces N and joint forces �
can be independently formulated. However, the equa-
tions of motion can also be grouped as Equation (8) for
optimization of joint forces of the entire system [12].

� =H�q +C +Gg + J
T
N (8)

It is well known that Equation (8) has the same struc-
ture for robot manipulators and multibody-systems
where H is the inertial term, C the coriolis and cen-



trifugal term, Gg the gravitational term, and J is the
Jacobian matrix. Therefore, the equations of motion
for systems in Fig.4(a) and (b) are mathematically
equivalent.

3. Efficient Algorithm for Solving Opti-
mal Force Distribution Problem

3.1. Cost function

Electrical motor’s energy consumption at low speed
but high output torque operation can be estimated by
the power loss in the armature resistance. Hence, the
sum of squares of joint forces � can be used as the cost
function to be minimized.

S(� ) = �
T
W� (9)

Note that W is a symmetric positive definite matrix.
Now let Hq = H�q + C +Gg, G = 2JWJ

T and
d = 2JWHq be defined as auxiliary variables. Sub-
stituting Equation (8) into (9) results in

S(� ) = H
T
qWHq + d

T
N +

1

2
N

T
GN(10)

a new cost function depending on the variable N .

3.2. Quadratic problem formulation

The first term in the right side of Equation (10) does
not depend on N , so the new const function can be
described by Equation (11). A general quadratic pro-
gramming problem can now be formulated as Equa-
tions (11)(12)

min.
N

: S(N ) = d
T
N +

1

2
N

T
GN (11)

subject to:
�
P eN = Qe

P iN � Qi

(12)

Equations (12) are linear constraint equations, with
equality constraints given by Equations (5) or (7), and
inequality constraints given by the system’s friction,
contact and joint force limitations. A positive definite
matrix W guarantees this problem to be strictly con-
vex, thus having efficient solution algorithms [19].

3.3. Solution considering equality constraints

The partial problem when considering only equality
constraints can be solved as

N e = P
+

e Qe �He d (13)

with generalized pseudo-inverse matrix P+

e defined as

P
+

e =G
�1
P
T
e (P eG

�1
P
T
e )
�1 (14)

and auxiliary matrix He defined as

He = (I �P+

e P e)G
�1 (15)

From the observation that the first term of Equation
(13) corresponds to the norm of N , i.e., the solution
which minimizes NT

GN , the second term is the par-
tial solution which minimizes the norm of � . Note that
although it resides in the null-space of P e an analytic
solution is available.

3.4. Solution considering inequality constraints

Problems with inequality constraints usually do not
have analytical solutions but use some kind of search
algorithms [13][15][19]. In order to achieve better
real-time performance, only negative contact forces
will be considered in this formulation. This is valid for
hands, grippers, walking machines and mobile robots
in general, that can exert positive forces, i.e., “push”,
but can not exert negative forces, i.e., “pull”. The pro-
posed method introduces a new equality constraints
term P dN = Qd 2 R

d into the balance Equation
PN = Q,

P e = [P T
P
T
d ]

T (16)

Qe = [QT
Q
T
d ]

T (17)

The basic idea is to transform the problem with in-
equality constraints into a problem with only equality
constraints that can be solved efficiently by Equation
(13). This is accomplished by the algorithm described
below. Note that the variable d represents the number
of contact points included in the equality constraints.

Step 0. Initialization: case d0 > 0 make d = d0 and
include the contact forces P dN = Qd 2 R

d0

into Equations (16)(17). Case d0 = 0, initial-
ize P e = P and Qe = Q.

Step 1. Calculate the partial solutionNe considering
only equality constraints from Equation (13).

Step 2. Let the number of negative contact forces in
the solution N e be dn. Case dn > 0 go to
Step 3. Otherwise, this is the optimal solution.
Calculate joint forces by Equation (18). Finish.

� e =Hq + J
T
Ne (18)



Step 3. Update d = d + dn. Case d �

(free variables� balance equations) go to Step
4. Otherwise the problem can not be solved.
Finish.

Step 4. Set the desired contact force at the contact
points where resulted in negative forces to zero
and include in the equality constraint P dN =

Qd. Return to Step 1.

Although this algorithm is suited for real time applica-
tions, it does not search for all the combination of pos-
sible solutions. For this reason it might finish in Step
3. even a possible solution exists. However, for nor-
mal steering control, passing-over pipes and ditches,
and attitude control of KR-II, a possible solution was
always found after a limited number of iterations. An
example will be later described in Section 5.

4. KR-II’s Attitude Control

4.1. KR-II’s variables

KR-II’s motion freedoms can be grouped as: z-axes
linear displacements z = [ z1 z2 � � � z6 ]

T
2

R
6; �-axes angular displacements � =

[ �0 �1 � � � �6 ]
T

2 R
7; wheel’s angular dis-

placements s = [ s0 s1 � � � s6 ]
T
2 R

7; body’s
coordinate position c0 = [x0 y0 z0 ]

T and atti-
tude � = [�X �Y �Z ]

T relative to the inertial
coordinate. This accounts for 26 degrees of freedom.
KR-II’s inertial parameters are listed in Table 1. Note
that the extra loads were accounted in the body’s front
part (FP).

In this work, balance and motion equations given
by Equations (7)(8) were derived by Newton-Euler
method, but other efficient virtual power methods [7]
can also be used.

4.2. Simplifications

4.2.1. Wheel modeling

The wheel will be simplified to a simple model:

1. It is a thin circular plate with constant radius.

2. It contacts a horizontal plane even when moving
on slopes.

However, the horizontal plane is set independently for
each wheel so that this simplification is effective for

Table 1: KR-II’s inertial parameters.

mass Inertia[kg m2] mass center [mm]
Seg Part [kg] Ix Iy Iz px py �pz

FP 5.0 0.04 0.04 0.01 120 0 300
0 SP 28.0 0.24 0.24 0.07 0 0 570

RP 10.8 0.40 0.30 0.08 -100 0 270
Wh 3.6 0.12 0.06 0.12 0 0 778

1 FP 35.4 1.27 1.27 0.42 64 9 273
2 FP 41.7 1.73 1.71 0.45 54 17 227
3 FP 32.1 1.27 1.28 0.35 70 0 278
4 FP 45.6 1.64 1.71 0.45 46 17 229
5 FP 31.6 1.11 1.13 0.35 70 0 291
6 FP 40.2 1.60 1.60 0.46 56 0 241

1�5 RP 9.5 0.24 0.19 0.05 -230 0 170
6 RP 4.2 0.11 0.09 0.02 -225 0 186

IP 4.5 0.04 0.01 0.03 218 0 150
1�6 SP 7.2 0.03 0.04 0.03 0 80 744

Wh 3.6 0.12 0.06 0.12 0 240 778

(Parts abbreviations)

FP: front part
RP: rear part
IP: intermediate plate
SP: steering plate
Wh: wheel part

(Extra internal loads [kg])

Seg1: extra servo-amp (5.8)
Seg2: on-board computer (12.1)
Seg3: attitude sensor (2.5)
Seg4: battery-pack (16.0)
Seg5: DC-DC converter (2.0)
Seg6: AC-DC converter (10.6)

motion over uneven terrains. Nonetheless, for stair
climbing and step overcoming motions, a better con-
tact point estimation algorithm is under investigation.

4.2.2. Other simplifications

1. External contact forces: the wheel’s lateral and
longitudinal forces are small because optimal tra-
jectory are planned by the steering control [1]
and also abrupt acceleration and deceleration are
avoided. Moreover, moments between the tire and
the ground are also negligible. For these reasons,
the tire normal force Fzi can be considered the
only external force acting on the system. Hence
the external contact force vector is given by

N = [Fz0 Fz1 � � � Fz6 ]
T
2 R

7 (19)

2. Joint forces: z-axes and �-axes motions can be
independently planned because KR’s z-axes ori-
entations are controlled to be always vertical. In
fact, �-axes are position controlled and their de-
sired angular displacements are planned by the
steering control [1]. On the other hand, although
s-axes motion can be used for the attitude control,
it would involve undesirable acceleration and de-
celeration in the system. For these reasons, z-axes
forces will be set as the variables to be optimized.

� = [ fz0 fz1 � � � fz6 ]
T
2 R

7 (20)

Note that fz0 was included just for avoiding sin-
gularity in the calculation, but always result in
fz0 = 0.



3. Balance equations: from the above considera-
tions, force balance in the z direction and moment
balance around x and y direction are enough to
model our system. Hence, the dimension of the
balance Equation P N = Q becomes Q 2 R

3

and P 2 R
3�7.

4. Generalized accelerations: only a part of
the 26 degrees of freedom of KR-II, qs =

[ zT �
T �X �Y ]

T and its time derivative

_qs =
�
_zT _�

T _�X _�Y
�T

is used in the cal-
culation. The acceleration variables are further
simplified to

�qa = [ �x0 �y0 �z0 ��X ��Y ]
T (21)

and used as �q � �qa.

5. Other parameters: other dimensions are as fol-
lows: H 2 R

7�5; C 2 R
7; Gg 2 R

7;
J 2 R

7�7; P d 2 R
d�7; Qd 2 R

d.

4.3. Attitude feedback law

The formulation described so far, solves for joint
forces which balance the system in a given desired pos-
ture. This is fundamentally an inverse dynamics prob-
lem. A feedback control law shown below is added
into Equation (21)

��X = ��Xd
+KPX (�Xd

� �Xm
)�KDX

_�Xm
(22)

��Y = ��Yd +KPY (�Yd � �Ym)�KDY
_�Ym (23)

where KP ;KD are proportional and derivative gain
and the indexes d;m stands for desired and measured
values. This control law is equivalent to the (Computed
Torque Method)[20] so that the closed-loop system sta-
bility can be analyzed in the same way.

5. Computer Simulation and Experimen-
tal Results

Computer simulation and experiment using the real
robot KR-II, were evaluated for an ”obstacle passing
over (without touching them)” where a box shape ob-
stacle with width 300mm and height 150mm was con-
sidered. This motion was performed at a constant for-
ward velocity of 100mm/s. The vertical motion of each
segment is shown in Fig.5(a). Note that the calculated
displacement includes a 10mm displacement for safety,
resulting in a 160mm total vertical displacement.

5.1. Continuity of calculated forces

Discontinuities in the calculated forces occurs when
topological changes are caused by lifting-up or
touching-down of the wheels. In this paper these dis-
continuities are avoided by introducing desired contact
forces using the equality constraints P dN = Qd in
Step 0. The desired forces when lifting-up is given as

Fdn = FUpn
(50� Zn)

50
(24)

and when touching-down the ground is given as

Fdn = FDownn
(50� Zn)

50
(25)

FUpn is the optimal force calculated just before the
wheel lift-up, FDownn is the optimal force calculated
considering that the wheel has completely touch-down
the ground, Zn is the segment vertical diplacement as
shown in Fig.5(a). These equations are applied only in
the interval Zn = 0 � 50mm. The constant 50 was
derived considering KR-II’s spring suspension stroke.
For vertical displacements above 50, the desired con-
tact force is set to zero. The simulation results shown
in Fig.5(b)-(c) demonstrate the validity of the proposed
method.

5.2. Experimental results

The experiment was held applying the feedforward
command shown in Fig.5(c) and feedback command
given by Equations (22) and (23). The feedback gains
were KPX = 65; KDX

= 18; KPY = 95; KDY
=

16 and all the computation were performed in real-
time with a sampling-time of 20ms using a 486DX2-
50MHz CPU based PC. The experiment overview is
shown in Fig.6.

Fig.7(a) shows the performance of attitude control.
Large attitude changes occur at times when more than
one segment is lifted-up at the same time, but the over-
all performance is acceptable for finishing the passing-
over motion. The sum of squares of z-axes joint forces
measured during the experiment is shown in Fig.7(b),
which has the same tendency as the simulation result
in Fig.5(d).

6. Summary and Conclusions

An attitude control scheme based in optimal force dis-
tribution using quadratic programming, which mini-
mize joint energy consumption was derived in this pa-
per. Similarities with force distribution for multifin-
gered hands, multiple coordinated manipulators and
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Figure 5: Obstacle passing over simulation.

legged walking robots were demonstrated. The attitude
control scheme was introduced inside this force dis-
tribution problem, and successfully implemented for
control of the articulated body mobile robot KR-II. Va-
lidity and effectiveness of proposed methods were ver-
ified by computer simulation and also experimentally
using the actual mechanical model KR-II.
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Abstract

Clinical gait analysis is applied to analyse the disturbed
gait pattern of a patient and to define a suitable therapy.
Up to now, mostly measured kinematic gait parameters are
considered. The usefulness of kinetic quantities has been
recognised, but only scarcely applied. This paper presents
a method, derived from robotics, to calculate kinetic quanti-
ties of human gait without using expensive force platforms.
Kinetic quantities help to better analyse the disturbed gait
pattern, to refine diagnosis and assess outcome of therapy.
The application of this method in a neurological clinic for
analysis of hemiparetic gait is shown.

1. Introduction

Hemiparesis with violent impairment of motricity of
one side of the body occurs after stroke or skull-brain
trauma. At the beginning and during rehabilitation
hemiparetic patients undergo analysis of their gait. In
clinical gait analysis the pathological state of the dis-
turbed gait pattern is evaluated first qualitatively and
quantitatively, in order to obtain a diagnosis and to de-
termine a suitable therapy. Up to now mostly tempo-
ral variables such as stride length, gait speed, walking
symmetry [1], kinematic quantities such as joint angles
[2] and electromyograms [3] were considered. Despite
a large amount of studies, the analysis of kinetic quan-
tities like joint torques, power, work and ground re-
action forces was considered only in few studies [4].
The reason therefore resides in the great effort to deter-
mine kinetic quantities, because they cannot be directly
measured but have to be calculated by inverse mod-
els using expensive force platforms. Kinetic quantities,
however, enable a further refinement of diagnosis and
a better understanding of pathological gait. [5] point
out, that kinetic quantities significantly help to sepa-
rate primary abnormalities (caused by the neurological
deficit) from secondary abnormalities (adaptations to
circumvent the primary). [6] emphasises, that a mul-
tifactorial gait analysis, where kinematic, kinetic and
myographic quantities are analysed should be aspired.
Furthermore investigations about progression of reha-

bilitation and specific therapies are missing [4], [7]. [8]
describes a method in robotics, which calculates and
optimises kinetic quantities when the trajectory of the
robot is given.

2. Mechanical Model

Figure 1: Mechanical
model

The human locomotor
apparatus is modelled as a
three-dimensional system
of multiple rigid bodies,
connected by ideal ball-and-
socket links. Segmentation
of the human body respects
the anatomy of the loco-
motor apparatus and the
characteristics of human
walking. Figure 1 shows the
mechanical model, consist-
ing of 13 segments and 12
links, each with 3 degrees
of freedom (DOF). With 6
DOF for the trunk, defining
its position and orientation
in space, the model com-

prises 42 DOF. The joints are assumed frictionless. A
coordinate frame is assigned to each segment, the x
axis pointing in the anatomical (upright standing) posi-
tion forward, the y axis upward and the z axis laterally.
In the anatomical position, the coordinate axes of the
segments are parallel. The sequence of rotation of each
joint is internal/external rotation - adduction/abduction
- flexion/extension [9]. The origin of the coordinate
system lies in the center of mass of each segment.

The segments are described by their mass, moment
of inertia with respect to the body fixed coordinate
axes, the vector to the center of gravity and the vector
to the distal link. Muscles are not taken into consid-
eration, therefore the mechanical model of the human
locomotor apparatus is just a skeletal one.



Several external forces and torques act on the hu-
man body when walking, see figure 1. Ground reac-
tion forcesF gr and torquesMgr , which result from
the interaction of the foot with the floor, act on the foot
in contact. Joint torquesM j summarise all the torques
which are generated by the joint spanning muscles.

The mass and inertia properties of the legs and arms
are calculated by approximating their shapes with geo-
metric bodies and using average body densities, as de-
scribed by [10]. By this means, the thigh, shank, upper
and underarm are approximated by frustums with cir-
cular sections. For the trunk, pelvis, feet and head the
regression equations of [11] and [12] are used. By this
means the general model of the locomotor apparatus is
adapted to each patient. The use of this technique is
obligatory because parameters of subjects vary within
a wide range, e.g. hemiplegics after stroke who suffer
from heavy reductions of the muscle mass in contrast
to healthy well-trained persons.

3. Mathematical Formulation

The dynamics of the locomotor apparatus is described
in configuration space by the equations of motion. The
Newton-Euler method, see [13], with the reference
points in the centers of gravity of the segments yields

M (q; t) �q(t) � h(q; _q; t) =

2X
i=1

�
J
T
T;i F gr;i+

+ J
T
R;i M gr;i

�
+

12X
k=1

J
T
R;k M j;k :(1)

The vectorsq; _q; �q 2 IR42 denote the generalized co-
ordinates, velocities and accelerations,M 2 IR42�42

is the mass matrix and accounts for the inertial prop-
erties of the system,h 2 IR42 contains all gravita-
tional and gyroscopic forces and torques. As above
mentioned, muscle properties are not taken into con-
sideration. Consequently the external forces acting on
the multibody system, see figure 1, are the ground re-
action forcesF gr;i 2 IR3 and torquesMgr;i 2 IR3 and
the 12 joint torquesM j;k 2 IR3, which are multiplied
with the corresponding Jacobian matrices of transla-
tion JT 2 IR3�42 and rotationJR 2 IR3�42.

The equations of motion (eq. (1)) can be solved in
two different ways. First, assuming given forces and
torques, the movement of the body is computed us-
ing numerical integration (direct dynamics). Unfor-
tunately, control laws to compute forces and torques
of normal and impaired human walking are unknown.
Therefore only the second method, called inverse dy-
namics, can be used. Inverse dynamics method sup-
poses given movement and yields forces and torques.

In single support phase, when only one foot is on
the ground, we deal with one ground reaction force and
one ground reaction moment. Assuming given gener-
alized coordinates and their derivatives, eq. (1) yields
42 known quantities on the left side. 3 components of
F gr , 3 ofM gr and 3 of the 12 joint torques lead to 42
unknowns on the right side. We calculate the unknown
quantities by matrix inversions and multiplications.

In double support phase, when both feet are on
the ground, we deal with 2 unknown ground reaction
forces and torques and 36 unknown joint torques, so
that the number of unknowns (48) exceeds the num-
ber of available equations. Additional equations are
delivered using optimization techniques, when we re-
quire that some objective functions has to be mini-
mized. Since human walking is an optimized move-
ment, not only the equations of motion have to be ful-
filled, but also biological principles have to be taken
into account. This method has already been applied to
the walking cycle of a grasshopper by [14]. We assume
the optimization criterion C linear in the squares of the
unknown forces and torques:

C = f
�
F
2

gr;M
2

gr;M
2

j

�
=

1

2
F

T
grC1F gr +

+
1

2
M

T
grC2Mgr +

1

2
M

T
j C3M j (2)

with the matricesCi which weight the forces and
torques.

The Lagrange multiplicators� combine the criterion
eq. (2) with the equations of motion in eq. (1) and lead
to the Lagrangian function L

L = C + �
T

�h
J
T
T;gr j J

T
R;gr

i�
f gr

tgr

�
+ JT

R;jtj

� M �q + hg : (3)

According to Lagrange theory, a necessary condition
for the minimisation of the criterion is that all par-
tial derivatives of L with respect to the unknowns
fgr; tgr; tj and� have to be zero, see [15]. This
leads to the following system of linear equations

Jf =m

f =
�
f
T
gr; t

T
gr ; t

T
j

�T
(4)

which can easily be solved for the unknown ground
reaction forcesfgr, torquestgr and joint torquestj by
invertingJ .



4. Measurements

In the “Neurologische Klinik Bad Aibling”, Germany,
the disturbed gait patterns of hemiparetic patients are
measured using the Optotrak System. This movement
analysis system, depicted in figure 2, uses 58 active
markers, which are applied on the skin of the pa-
tient. Two cameras measure the cartesian coordinates
of the markers and a PC calculates relative angles be-
tween joints, using geometric relations. Joint veloci-
ties and accelerations are computed by differentiating
twice joint angles and filtering with a 4th order Butter-
worth filter. The heel and toe markers are employed to
determine stance and swing phase of the legs and thus
single and double support phase.

Figure 2: Measurement of human gait by a 3D movement
analysis system

5. Verification

Calculated ground reaction forces and joint torques
show good agreement with measurements and calcu-
lations from literature. As an example, figure 3 shows
the calculated ground reaction force of a healthy
subject during the single and double support phase of
the right leg in comparison to data from other authors.
The abscissa is time, normalized with the duration of
the gait cycle and expressed in percent. A gait cycle
starts with right heel contact (0%), the double stance
phases are between 0% and 10% and between 50%
and 60%. From 10% to 50% only the right foot and
from 60% to 100% only the left foot is on the ground.
The ordinate in figure 3 is the ground reaction force
normalized with body weight. The calculated ground
reaction force in vertical direction (bold solid line in
figure 3) shows good agreement with measured data
by [16] (dotted line) and calculations done by [17]
(solid line).

Figure 3: Vertical ground reaction forces by [16] (dotted line)
and [17] (solid line) in comparison with simulation results
(bold solid line)

6. Results and Conclusions

The following sections show how the method of in-
verse dynamics is used in the above-mentioned neuro-
logical clinic for analysis of hemiparetic gait.

6.1. Animation

Movement of the patient is automatically animated
with “XAnimate” [18]. The animation offers many ad-
vantages over common recording techniques like video
tapes. The doctor or physical therapist can easily,
quickly and at each time view the disturbed gait pat-
tern under different angles and zoom on single seg-
ments. Furthermore the disturbed and a normal gait
pattern can be opposed on the same screen and thus
differences are quickly recognised. Animation of the
body’s center of mass reveals excessive lateral move-
ments of the patient. Two sample pictures of the an-
imation of a healthy subject and a patient with severe
left-sided hemiparesis are depicted in figure 4.

Figure 4: Animation of normal and hemiparetic gait



6.2. Evaluation of Degree of Hemiparesis and
Outcome of Therapy

Calculated kinetic quantities are used to quantify the
degree of hemiparesis of the patients and to control
outcome of therapy.

Figure 5 shows for example peek ankle plantar flex-
ion torque for a healthy subject A, patients with moder-
ate (B) and severe (C and D) hemiparesis. One realises
a close correlation between the degree of hemiparesis
and this kinetic quantity. The more normal the gait
pattern is, the higher and the more equal torques on the
right and left side are.

Figure 5: peak ankle plantar flexion torque for 4 subjects

Figure 6 depicts the calculated mechanical work in
ankle for two steps for a hemiparetic patient at the be-
ginning (D1), after 3 weeks (D2) and 7 weeks (D3) of
physiotherapy in comparison to a healthy subject (A).
One states an evident evolution of very low values of
flexion work at the beginning to more normal values in
course of rehabilitation. Here the outcome of therapy
is evaluated by the method of inverse dynamics.

Figure 6: Normalized ankle flexion work in course of reha-
bilitation (physio=physiotherapy)

6.3. Detailed Analysis of One Patient’s Gait Pat-
tern

Inverse dynamics method yields time course of all ki-
netic quantities for one gait cycle. These data are
the base for a detailed analysis of the impaired gait.
Time course of left knee flexion/extension torque for
a healthy subject (solid line in figure 7) and a patient
with severe left-sided hemiparesis (dotted line in fig-
ure 7) are for example studied. The patient exhibits
in single support phase of the left leg (between 60 and
100 % in gait cycle) a high and constant knee exten-
sion torque, whereas for the healthy subject the torque
decreases very quickly to low values. Figure 8 shows
the healthy subject and hemiparetic patient at 80 % in
gait cycle. In single support phase the left knee of the
healthy subject is completely extended.
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Figure 7: Left knee flexion/extension torque for a healthy
subject (solid line) and a hemiplegic patient (dotted line)

Due to the intact neural control of walking, the body
is well controlled falling forward in order to reduce
knee torques. In contrast to this perfect neural con-
trol of movement, the hip and knee of the patient, see
figure 8, are flexed, neural control of movement is im-
paired and the patient has to generate a very high ex-
tension torque at the knee to maintain body upright and
to progress. Here kinetic quantities give insight into
impaired neural control of movement.

6.4. Kinematic Characteristics of Hemiparetic
Gait

Furthermore it was found that hemiparetic gait is char-
acterised by excessive lateral movement of body’s cen-
tre of mass, high lateral ground reaction forces on af-
fected side, low peak torques in all joints of the lower
extremity in comparison to healthy subjects, lower
peak torques on the affected than on the unaffected
side and that energy for propulsion of the body results
mainly from the unaffected side.



Figure 8: Animation of the two subjects of figure 7

7. Future research work

Future research work is directed towards therapy of
hemiparetic patients by model-based functional elec-
trical stimulation (FES), see figure 9.

Figure 9: Diagnosis and therapy of hemiparesis: project
overview

8. Summary and Conclusions

The goal of clinical gait analysis is to analyse the im-
paired gait pattern of the patient and to define a suitable
therapy. In common gait analysis, only the kinematic
data of the gait pattern are analysed, although kinetic
quantities enable a further refinement of diagnosis and
a better understanding of pathological gait. This pa-
per presents a general method, derived from robotics,
to calculate non-measurable kinetic quantities of hu-
man gait. In contrast to methods described in litera-
ture, expensive force platforms are superfluous. The
calculation of kinetic quantities is based on a mechan-
ical model of the human locomotor apparatus. The
Newton-Euler method yields the equations of motion.

Using inverse dynamics and optimisation, ground reac-
tion forces and joint torques are computed. Movement
as input into the inverse mechanical model is measured
with a contactless movement analysis system. Calcu-
lated kinetic quantities show good agreement with data
from literature. The method is applied in the “Neurol-
ogische Klinik Bad Aibling”, Germany for analysis of
hemiparetic gait. Animation of the impaired gait pat-
tern yields a better visualisation than video recordings.
The degree of hemiparesis and outcome of therapy is
evaluated and patient’s gait is detailed analysed by ki-
netic quantities. More generally, a characterisation of
hemiparetic gait by kinetic quantities was found. Fu-
ture research work deals with therapy of hemiparesis
by functional electrical stimulation.
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Abstract 
 

In this paper, we present an algorithm for 
controlling the walking of a humanoid biped. 
The algorithm is hierarchical with local Joint 
Space Control (JSC) and global Virtual Model 
Control (VMC). VMC plays an important role 
in the stance phase of the legs and provides 
postural stability during locomotion. JSC is 
used at all times, but is essential during the 
swing phase and for placement of the foot to 
obtain or change the speed of the robot.  A 
simulation of walking of a three dimensional 
humanoid biped is achieved through the 
superposition of these two control schemes. 
 
1. Introduction 
 
Humanoid locomotion is one of the most 
complex problems to achieve by robots due to 
mechanical complexity and instabilities. 
However, solving this problem has many 
benefits. Humans can locomote over complex 
terrain that current commercial vehicles can not 
navigate. A humanoid biped with this 
locomotion capability could maneuver itself 
into position to conduct tasks too dangerous for 
humans. For this purpose, it would be beneficial 
to have a robot to perform those tasks.  

Honda developed a humanoid robot that can 
walk on a planned path autonomously and 
perform simple tasks via wireless teleoperation 
[1]. The pre-defined joint angles of the desired 
walking pattern are used as reference points for 
local control of the Honda robot. The desired 
joint angles are defined via motion studies of 
human walking. This method is time consuming 
and not robust. For general locomotion, we can 
not consider the desired joints angles for JSC to 
be pre-defined.  

In this paper, superposition of Joint Space 
Control (JSC) and Virtual Model Control 
(VMC) is used to drive the locomotion of a 
three dimensional humanoid biped in 
simulation.  For the single support case, the 
VMC uses an inverted pendulum model. For 
the double support case this model is modified 
to generate forces which maintain the center 
of pressure inside the foot region because of 
the importance of stability. JSC is 
implemented using PD Control on desired 
joint angles obtained from the integration of 
Cartesian velocities. JSC is used during both 
stance and swing phases of the legs. Limited 
walking of the biped is realized by this control 
model. 

To control lateral stability in the frontal 
plane, J.E. Pratt, and G.A. Pratt [2] use  a 
simple pendulum model for determining the 
foot placement. Foot placement becomes a 
function of the velocity in their approach, but 
velocity control is not seen explicitly. JSC 
resembles this. On the other hand, JSC has an 
explicit velocity control component. 
 
2. The Model and Dynamics  
 
Our simulation models the trunk and legs of a 
human subject and has 18 degrees of freedom. 
It has two limbs, each with 3 segments, 
connected to the trunk for a total of 7 
segments. The trunk (base body) is defined as 
a general 6 Degree of Freedom (DOF) body in 
space. Each limb has a three DOF hip, a one 
DOF knee, and a 2 DOF ankle.  
 

As shown in Figure 1, each body has a 
reference frame with its origin located at the 
proximal joint center. The trunk’s reference 
frame is located at its Center of Mass (COM). 



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 1: Notation of a Single Leg. 

 
The authors developed a dynamic 

formulation for a three-dimensional humanoid 
biped based upon Lagrange's Equations in terms 
of quasicoordinates [3]. The ground is modeled 
using stiffness, damping and Coulomb friction. 
The foot is modeled with many points that can 
contact the ground. Using these points, the 
actual center of pressure (COP) can be 
calculated. 
 
3. Virtual Model Control for the Biped 

 
The posture controller is a global controller 
based upon VMC and it maintains body stability 
in all regimes of locomotion, including standing, 
walking, and running. VMC is presented by 
Pratt et al. [4]. Contributing research fields are 
also described well by Pratt [5]. Nelson and 
Quinn [7] have applied this approach to a 
cockroach-like hexapod robot. In this paper 
VMC is applied to control the posture of a three 
dimensional biped. 
 
3.1. Single limb stance 
 
In the single limb support phase of walking, one 
leg contacts the ground and provides the force 
to control the body's motion. The force on the 
body is produced by pushing on the ground. The 
limb consists of four links starting from body(1) 

to foot(4) with body fixed reference frames 
(1-frame to 4-frame). 

The forces at the points on the foot that 
contact the ground can be resolved into the 
COP of the foot. The foot can be considered 
to have a point contact with the ground at the 
COP and the “unactuated ankle” constraint 
may be used [7]. Note that the COP is 
equivalent to the Zero Moment Point (ZMP). 
This constraint generates a required 
relationship between the forces and moments 
applied by the leg, l, on the body 1, 
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where lF

v
 and lM

v
 are these force and 

moment vectors, respectively. The force 
vector is expressed with respect to an inertial 
reference frame (N-frame) while the moment 
vector is expressed with respect to the body 
reference frame (1-frame). lW 1

v
 is a position 

vector of the foot in the body’s reference 

frame, and lW 1

~
 represents a cross product 

which is equivalent to a skew operation on 
this vector: 
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C1N  is a coordinate rotation matrix from the 
N-frame to the 1-frame. A recursive 

relationship of W
v

can be expressed as 
follows: 
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where iL

v
 represents the position vector from 

the origin of the i-frame to the origin of the 
(i+1)-frame measured in the i-frame. Thus the 
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transpose of the translational Jacobian for limb 
1 with 4 links is expressed as 
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where D is a nonlinear function of joint angles. 
 
3.2.  Double limb stance 
 
When the right and left legs are both in stance, 
the relationship between the forces and 
moments can be expressed as  
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where                                                  
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Where F and M are vectors representing the 
total forces and moments on the body from the 
stance legs. While M’ is represented in the body 
frame and M is represented in the inertial 
reference frame, they represent the same vector. 

fp~  is the skew symmetric matrix of the 
position vector of the foot’s contact point with 
respect to the body in the inertial reference 
frame. The subscripts R and L represent the 
right and left feet and I is a 3x3 identity matrix. 
The matrix A is defined by Eq. (5b).  
 
3.2.1.  Solving for the Force Distribution 
 
Given F and M from the VMC, the forces on the 
right and left legs, FR and FL, need to be 
resolved to distribute the load between the legs. 
Attempted inversion of the matrix A in Eq. (5b) 

yields a singularity, because the third and 
sixth rows of the matrix A are linearly 
dependent. To solve this under constrained 
problem we use an optimization. To simplify 
the problem, we introduce dimensionless 
parameters that represent the lateral forces and 
the vertical force as follows: 
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Introducing Eqs. (6) and (7a) into the six 

scalar equations represented by Eq. (5b), we 
have 5 equations, two of them being linearly 
dependent, and Eq. (7b). When the COP is 
expressed as 
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then, those linearly dependent equations yield 
[7] 
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Figure 2: The COP Distribution for the Double Stance 
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Figure 2 represents the double stance case 
showing the common COP and distribution of 
the COP to the right and left legs, COPL and 
COPR. The total biped COP location 
corresponds to a single leg model of the biped 
on a flat surface. Note that y is the average of PL 
and PR. For the given F and M, cpx  and cpz can 
be solved from Eq. (9a,b). The COP for double 
stance is projected to the right and left feet by 
drawing a line parallel to the line of the right 
and left toes from the COP as shown in Figure 2. 
This determines COPL and COPR. Now, we can 
solve Eq. (8) for the vertical weight distribution. 
This solution has a singularity when the COP’s 
of the individual feet are symmetric about the 
origin of the trunk-frame. This is avoided by 
simply enforcing the sum of the vertical force 
coefficients to be equal to one when this 
singularity occurs. Now, we are left with three 
equations and four unknowns to complete the 
solution of the force distribution problem.  We 
could add an additional constraint [4] or use an 
optimization [7]. We use optimization to solve 
the problem with the following cost function 

 

( ) ( )

( ) ( ) ]

[
2
1

22

22

xLxLxRxR

xLxLxRxR

dddd

ccccE

−+−

+−+−=
  (10) 

 
where symbols with the over score represent the 
desired dimensionless force directions. 
Minimizing E, using the above three linearly 
independent equations from Eq. (5b) as 
constraints, solves the force distribution 
problem completely and encourages each leg to 
push in a preferred direction. 
 
3.3.  Virtual Forces and Moments 
 
An inverted pendulum model is used to find the 
desired virtual forces and moments that produce 
a stable posture. In this model a spring and 
damper in parallel are connected to the origin of 
the trunk from the COP with length L. The 
desired virtual force in the direction of L can be 
computed as 
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where Ld is the desired length of one limb and 

pK , and vK are the proportional and 
derivative gains. For the single stance phase, 
Ld is defined as the height of origin of the 
trunk when the robot is standing up straight. 
For the double support phase Ld is calculated 
from a desired moving point that satisfies the 
initial condition of the inverted pendulum 
mode for the next single stance leg. F can be 
projected into the x, y and z directions to 
obtain the force components.  

The desired torques acting on the main 
body can also be expressed as 
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where pK , and vK  are the proportional and 

derivative gains. α , and dα  are the trunk’s 
actual and desired orientations. The 

t
T

N DCM τv
v

−= 11  relation is used to transform 

tiτ  to M
v
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Figure 3: Virtual Force Boundaries for the xz Plane, 
vertical axis in meters, and horizontal axis in  
dimensionless units. 
 

Using these sets of forces and moments, 
the desired COP can be calculated from Eq. 
(9a,b). The result may be outside of the foot 
region and therefore impossible to realize. 
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This led us to develop a scheme that changes 
the sets of desired virtual forces to realizable 
sets of forces and moments. In Figure 3, Eq. 
(9a) is transformed into a plot of virtual force 
boundaries for the xz plane. The region between 
the two lines represents the realizable sets of 
virtual force Fx and moment Mz. When the 
desired virtual force and  moment fall outside of 
this region, they are modified to be brought into 
the boundaries at the closest point. The 
modified force and moment are the input force 
and moment for the VMC. Similarly, Eq. (9b) is 
evaluated in order to get a realizable set of Fz 

and Mz. The above applies to both single stance 
and double stance in a similar manner. 
 
4.  Joint Space Control 
 
JSC is responsible for the swing phase and for 
placement of the foot at the end of the swing 
phase. In order to implement JSC using 
proportional control, we need to obtain some 
desired joint angles. In this respect, we will 
introduce a Jacobian that maps the foot 
cartesian velocity with respect to the trunk to 
the joint speeds. Let us express the angular 
velocity of the ground as follows: 
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which is zero because the ground is fixed. gΩ
v

is 
the angular velocity of the ground with respect 
to the foot. Di is a nonlinear function of the ith 

joint angles iα  Solving for the trunk angular 
speeds yields 
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or                                                        (14a,b) 
















=Ω+

4

3

2

11

α
α
α

α
&v
&v
&v

v&v
fag JD  

where Jfa is a rotational Jacobian (3x6) matrix. 
 

Furthermore, the foot velocity with 
respect to the trunk can be expressed as 
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where ftJ  is 3x6 Jacobian matrix. Combining 
Eq. (14b) and (15c), yields 
 

























=












−

Ω+

4

3

2

111

11
~

α
α
α

α
α

&v
&v
&v

&v&v

v
&v

ft

fa
T

f

g

J
J

DWp
D

 

 
or                                                     (16a,b) 
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where Jf is a 6x6 Jacobian matrix. By 
inverting Jf , we can obtain the joint angular 
velocities as functions of b, then we can 
integrate to find joint angles. When we 
prescribe b, a desired set of joint angles and 
velocities can be determined. These are 
equilibrium points for PD control. The 
following choices for the b vector are used in 
our controller: 
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where zyx vandvv ,, are the instantaneous 
velocities of the trunk in the x, y, and z 
directions. Also, T is the desired period of the 
swing phase, B is a constant for the swing leg’s 
vertical travel, t is time, and st  and sw represent 
the stance and swing legs, respectively. The 
additional terms )( xdxbswx vvK −& , and 

)( zdzbswz vvK −&  for the velocity control in the 
fourth and sixth rows of bsw need to be 
explained in more detail. These terms are used 
by Raibert [8] as velocity control components 
for hopping robots. zx KandK && ,  are feedback 

gains. zdxd vandv ,  are desired trunk velocities 

in the x and z directions. zbswxbsw vandv ,  are the 
trunk velocities at the beginning of the swing 
phase, however, previous average velocities can 
also be used. From simulation results, it was 
found that this solution produces a bended knee 
configuration at the end of the swing phase. In 
order to straighten the knee joint for transition 
to stance, we forced the knee to open during the 

swing phase. gΩ
v

 and 1α&v  are set to zero.   
 
5. Simulation 

 
A simulation of standing, and some trunk 
motion was performed using the posture 
controller based on VMC. The results are stable. 
A walking simulation of the biped robot was 
also conducted by combining VMC and JSC. In 
the forward (x) direction, a stable walking was 
observed. However, in the side-to-side (z) 
direction an instability occurs after several steps. 
We believe that the system can be made to be 
stable through the right choice of the b vector 
component in the lateral direction. In Figs. 4, 
and 5, measured COP, and desired COP 

 
Figure 4: Actual and Desired COP of the Biped in the x 
direction. 
 

 
Figure 5: Actual and Desired COP of the Biped in the z 
direction. 
 

 
Figure 6: Velocity Trajectories of the Trunk. 
 
with respect to the trunk are plotted versus 
time. Velocity trajectories in the x and z 
directions are shown in Fig. 6. 
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6. Conclusions  
 

In legged locomotion, posture control plays a 
central role for stability. This is particularly 
important for a humanoid biped which is 
statically unstable. When its stability is 
disturbed, such as by a push, the robot may need 
to take a step to prevent it from falling. 
Therefore, foot placement by a swing leg on the 
ground must be chosen properly. These 
concepts can be realized by implementing VMC 
and JSC schemes.   
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Abstract

This paper summarizes our research related to

motions of human �gures. Our �nal goal is to de-

velop a motion generating system that creates real-

istic motions of human �gures interacting with the

user in real time, based on computational meth-

ods for the dynamics and kinematics of kinematic

chains. Toward this goal, we propose the concept

of dynamics �lter which generates physically nat-

ural motions from any reference motion allowing

interactive inputs by the user. Dynamics �lter has

a potential ability to generate virtually in�nite va-

riety of motions from a relatively small motion

database or even motions captured from a human

in real time. We have also developed a prototype

of the real-time dynamics �lter, which makes use

of our e�cient computing methods for the dynam-

ics of human �gures.

1. Introduction

Human �gures are de�ned as kinematic models of

the human body with links connected by mechani-

cal joints (Figure 1). Motion generation of human

�gures is of great interest in robotics as well as in

computer graphics. Humanoid robots are expected

to work in place of human in various �elds such as

welfare, plant maintenance, entertainment, and so

on. In computer graphics, the demand for high

quality content with human characters is growing

stronger along with the development and spread of

multimedia technologies. The common keyword

connecting these two issues is the motion of hu-

man �gures. Motions of humanoid robots are nei-

ther simple nor prede�ned as in conventional in-

dustrial robots | we have to control the unstable

body of robots to create almost in�nite variation

of motions. This situation is quite similar to hu-

man characters in computer animations, where we

have to make various motions according to their

role in virtual environments.

Figure 1: A human �gure

To achieve this goal, we propose the concept of a

dynamics �lter, a real-time and interactive motion

generator for human �gures. The basic function of

the �lter is to convert a physically inconsistent mo-

tion into a consistent one, to which the following

features are added:

1. Take human motions, either captured or

drawn, as reference instead of created from

scratch, in order to generate expressive

human-like motions that convey emotion.

2. Execute the computation in real time in order

to allow interactive inputs or adapt to dynam-

ically changing environments

In this paper, we propose the concept of dy-

namics �lter and introduce our �rst implementa-

tion based on our previous research on dynamics

of structure-varying kinematic chains [1]. Before

describing the implementation of a dynamics �l-

ter in detail, we �rst provide a summary of the

methods for computing the dynamics of human

�gures, followed by the details on our dynamics

�lter. We also provide some examples of applying

the dynamics �lter to various motions. In the last

section, we introduce our ongoing projects along

with the conclusions of this paper.



2. The Concept of Dynamics Filter

Many methods have been proposed for generating

motions for humanoid robots [2, 3, 4] and anima-

tions [5, 6, 7]. However, most of them have prob-

lems from the standpoint of interactivity:

1. Poor exibility | Each method is only ap-

plicable to limited motions, walking in most

cases, which means that we need to prepare

many motion generators corresponding to dif-

ferent motions.

2. O�-line computation | The whole sequence

of motion is required before generating mo-

tion. This would be a fatal disadvantage

in interactive motion generation because we

cannot modify the reference motion once the

computation starts.

3. Long computation time | Another problem

is that they require much computation to gen-

erate a single sequence of motion.

A dynamics �lter is expected to provide a solu-

tion for these problems. The procedure for gen-

erating motion by dynamics �lter is illustrated in

Figure 2. First, several properties, such as the

motion (walk / run / sit, ...), the model (mass /

link length, ...), character (male / female, adult /

child, ...) and emotion (happy / angry / sad, ...)

are selected and combined kinematically. Next,

the combined reference motion is input to the dy-

namics �lter, which outputs a physically consistent

motion close to the reference. Users may take some

trial-and-error experiments with the dynamics �l-

ter to meet their taste. In interactive systems, the

reference motion may change during the computa-

tion according to user inputs.

This approach is reasonable from the viewpoint

of learning process of human. We �rst imitate just

the kinematics of a motion watching the others |

then adapt the motion to the dynamics of our own

body and the environment.

Implementation of the �lter may be o�-line or

on-line. An o�-line �lter, making use of the whole

sequence of the input motion prior to the �ltering,

will generate motions of high quality and stabil-

ity. This type of dynamics �lter would be good for

creating artistic �lms in computer graphics, or a

motion library for humanoid robots. Previous re-

search has already realized this type of dynamics

�lter [4, 5, 6, 7].

An on-line version of a dynamics �lter is more

di�cult because only limited informations are pro-

Figure 2: Motion generation via dynamics �lter

vided to the �lter, but interesting from the view-

point of interactive motion generation. This fea-

ture is essential for humanoid robots moving in dy-

namically changing environments and human char-

acters in some applications such as games.

We provide an on-line implementation of a dy-

namics �lter in this paper. This is di�cult and

constitutes a contribution because others only

have built o�-line �lters. The �lter is based on

the equation of motion of closed and structure-

varying kinematic chains developed for dynamics

simulation of human �gures [1].

3. Dynamics Computation of Human Fig-
ures

3.1. Previous Work and Requirements

Since the human �gure can be modeled in terms

of kinematic chains, we can apply algorithms

developed in multibody dynamics and robotics

[8, 9, 10, 11] to human �gures [12, 13, 14]. How-

ever, human �gures have quite di�erent proper-

ties compared to conventional robot manipulators

from the point of view of dynamics computation

as listed below:

1. Many degrees of freedom (DOF) | Human

�gures usally contain many DOF's, even the

simplest model has more than 20 DOF.



2. Complicated closed kinematic chains | Hu-

man �gures often form complicated closed

kinematic chains by holding links in the en-

vironment, their own body, or other �gures,

for which most dynamics algorithms require a

large computational load.

3. Structural changes | On catch or release of

links by hands, human �gures change their

link structure dynamically during the motion.

4. Collisions and contacts | A human �gure fre-

quently collides with the environments, other

human �gures, or even itself during motion.

5. Under actuation | Since human �gures have

no �xed link, they are always under actuated,

that is, the DOF of motion is larger than the

number of actuators. Therefore, we need to

consider the physical consistency of motion in

generating motions for human �gures.

6. Requirement for interactivity | Interactivity

is likely to be the most important feature of

future applications of human �gures. Human

�gures move in dynamically changing environ-

ment interacting with humans, in contrast to

conventional manipulators.

Considering these points, we decided to take a

new approach toward the dynamics computation

of human �gures. Our objectives are:

1. To compute the dynamics of complicated

kinematic chains e�ciently, in real time

2. To handle open and closed kinematic chains

seamlessly to enable on-line computation of

structure-varying kinematic chains

3. To compute the dynamics of collisions and

contacts e�ciently

3.2. Closed Kinematic Chains

Dynamics of closed kinematic chains requires con-

sideration of reaction forces in closed loops. La-

grange multipliers are often applied to compute

the reaction force [8, 9]. However, the computa-

tional cost of Lagrange multipliers is too large to

be applied to real-time or interactive simulation.

An alternative approach is to apply the prin-

ciple of virtual work [15, 16], which is a mostly

used to control robots with closed kinematic chains

such as a planar �ve-bar linkage or parallel mech-

anisms [17]. This method has the advantage of

high computational e�ciency which enables real-

time control of manipulators. Until recently no

general algorithm was known for computing the

Jacobian matrix essential for applying the princi-

ple of virtual work. We have found a solution for

this problem [18] and extended this approach to

general closed kinematic chains.

The basic equation of motion of human �gures

is described as:

�
A �HT

C �HT
J

HC O O

�0
@

��G
�C
�J

1
A =

�
�b

�

_HC
_�G

�

(1)

which can be summarized as:

Wx = u (2)

where

A : inertial tensor

b : centrifugal, Coriollis and

gravitational forces

�G : the generalized coordinates

�C : constraint forces at connected joints

�J : joint torques

HC = @�C=@�G

HJ = @�J=@�G

�J : joint angles

and �C is the variable that represents the con-

straint condition by ��C = O. If the joint torques

� J are known, we can compute the generalized ac-

celeration ��G and constraint forces �C by equation

(1).

Figure 3 shows an example of a dynamics simu-

lation of a closed kinematic chain, where a human

�gure is trying to raise its body with its arms. The

human �gure has 28 DOF, and each rope consists

of spherical and rotational joints. The �gure holds

the ends of ropes by spherical joints, forming a

closed kinematic chain. Forward dynamics com-

putation for this 48 DOF system, including the 6

DOF of the base body, takes approximately 32 ms

on DEC Alpha 21264 500 MHz processor.

3.3. Structure-Varying Kinematic Chains

Most conventional methods for dynamics compu-

tation of kinematic chains assume that the link

connectivity of the system does not change during

the simulation. However, this is obviously not the



Figure 3: Simulation of a closed kinematic chain
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Figure 4: Three pointers to describe link connec-

tivity

case in human motions. In fact, walking, the most

common motion of human, can be said to have

three di�erent kinematic chains. We call such sys-

tems structure-varying kinematic chains and re-

gard this as one of the key issues in the dynamics

of human �gures. To handle such situations by

conventional methods, we would need to prepare

all the possible structures in advance and switch

among them during the simulation.

To solve this problem, we developed two tech-

niques regarding the description of link connectiv-

ity [1]. The �rst is the method of description itself,

where we use three pointers (\parent," \child,"

and \brother") per link to indicate its neighbor-

ing links as illustrated in Figure 4. However, these

pointers are not capable of describing closed kine-

matic chains because the parent-child relationship

makes an in�nite loop. To describe closed kine-

matic chains, we virtually cut a joint in a loop and

introduce an additional link called virtual link to

describe the connection at the virtually cut joint.

Another pointer, real, is added to the three point-

ers, to hold the relationship of real and virtual

links. The concept is illustrated in Figure 5.

The second technique is the maintenance of

pointers, that is, how to update the connectivity

data in response to structural changes. Thanks to

Real link Virtual link

Figure 5: Virtual link to describe closed kinematic

chains

the introduction of virtual links, the procedure is

quite simple:

1. Link connection | If two links are connected

by a new joint, create a new virtual link whose

parent is one of the connected links, and set

its real pointer to the other.

2. Joint cut | If a joint is cut, delete the virtual

link associated with the cut joint.

By these simple procedures, link connectivity data

is automatically updated according to the change

in the kinematic chain.

The dynamics computation part is programmed

to generate the equation of motion automatically

based on the link connectivity. Thus, arbitrary

structural changes are allowed and simulated with-

out any manual tasks by the user. For the dynam-

ics �lter also, this description enables the �lter to

use the same strategy throughout the motion with-

out concern for the change of structure.

Figure 6 is an example of an interactive applica-

tion that makes use of these techniques. When the

user clicks the mouse button, the monkey releases

his hands one by one and �nally falls down.

3.4. Collisions and Contacts

Contacts may be viewed as a structural change,

because additional constraints appear at the con-

tact point. They di�er from joint connection in

two points: transition of constraint and unilateral

conditions. Therefore, modeling of collisions and

contacts is still an open research issue in multibody

dynamics area[19].

Collision and contact models are categorized

into two types. The visco-elastic body model,

or penalty model, places a virtual spring and

damper at the point at which contact forces are

exerted[20, 21]. The rigid body model, on the

other hand, �nds the contact force that satis�es



Figure 6: Dynamics simulation of structure-varying kinematic chain

the unilateral conditions through some optimiza-

tion processes [19].

Our method is based on a rigid body model in

the sense that we do not consider the deforma-

tion of links. However, to reduce the compuational

load, we take the advantage of the fact that the

precision of the contact model is not very impor-

tant in human �gures and apply a simpli�ed com-

putation with an iterative procedure:

1. Compute the discontinuous change of joint ve-

locities using conservation of linear and angu-

lar momentum and Newton's impact law[19].

This approach has the advantage of numerical

stability because large impact forces are not

handled.

2. Set full constraint at each contact point.

3. Compute the constraint force to maintain the

constraint condition ��C = O by equation (1).

4. Check the feasibility of the constraint force.

5. If infeasible constraint forces were found,

modify the constraint and return to 3, oth-

erwise accept the constraint.

This method is more e�cient than usual rigid body

methods for two reasons: (1) it does not exceed

four iterations, and (2) the computation for each

iteration is very small.

4. Dynamics Filter Implementation

4.1. Basic Equations

The developed �lter consists of two parts | feed-

back control and optimization based on equa-

tion (1). The control part computes the desired

joint accelerations considering the reference mo-

tion, current state, and stability. Then the op-

timization part computes the optimal solution of

equation (1) to generate the joint accelerations

close to those computed in the control part.

First, initial desired acceleration of generalized

coordinates ��
d0

G is computed by simple joint angle

and velocity feedback:

��
d0

G = ��
ref

G +KD( _�
ref

G �

_�G)+KP (�
ref
G ��G) (3)

where �
ref
G is the generalized coordinates in refer-

ence motion, and KD and KP are constant gain

matrices.

Then, in order to consider the global stability,

the feedback of position and orientation of a spec-

i�ed point P in the upper body are included as

follows. The desired acceleration of P , ��
d

P , is com-

puted by a similar feedback law as:

�rdP = �r
ref

P +KDP ( _r
ref

P � _rP ) +KPP (r
ref

P � rP )

(4)

where r
ref
P is the position and orientation of P in

the reference motion, which can be obtained by

forward kinematics computation, KDP and KPP

are constant gain matrices, and rP is the current

position and orientation of P . The initial desired

acceleration of the generalized coordinates ��
d0

G is

modi�ed into ��
d

G, so that the desired acceleration

of P , �rdP , is realized :

��
d

G = ��
d0

G +���
d

G (5)

���
d

G = J
]
P (�r

d
P � �rd0P ) (6)

where �rd0P
4

= JP ��
d0

G + _JP _�G, JP
4

= @JP =@�G, and

J
]

P is the weighted pseudo-inverse of JP .

Now we proceed to the optimization part. So-

lutions of equation (1) represents all the feasible

combination of ��G;�C and �J . The task of the

optimization part is to �nd the optimal solution

of equation (1) to realize the desired acceleration.

The optimized accelerations are integrated to de-

rive the joint angle data.



First, in preparation for the optimization, we

derive the weighted least-square solution of equa-

tion (2) and the null space of W regardless of the

desired acceleration:

x =W ]u+ (E �W ]W )y (7)

where W ] is the pseudo inverse of W , y an ar-

bitrary vector, and E the identity matrix of the

appropriate size. Picking up the upper rows of

equation (7) corresponding to the generalized ac-

celerations, we get:

��G = ��
0

G + V Gy (8)

where ��
0

G is the generalized acceleration in the

least-square solution.

Next, we determine the arbitrary vector y to

minimize the acceleration error by

y = V �

G(
��
d

G �
��G) (9)

where V �

G is the singularity-robust inverse[22] of

V G.

Finally, substituting y into equation (7), we get

the optimized solution of x. Since x includes the

generalized acceleration, joint torques and con-

straint forces all in one, the optimization part

plays three roles at the same time: (1) computa-

tion of optimized motion, (2) computation of joint

torques to realize the computed acceleration, and

(3) dynamics simulation of the result.

4.2. Applications

In the following examples, the additional control

point P was taken at the neck and its position and

orientation were computed o�-line, although it is

easy to compute them on-line.

4.2.1. Filtering Raw Motion Capture Data

Figure 7 compares the captured (above) and �l-

tered (below) walking motions. Although small

latency is observed in the �ltered motion, the re-

sult is satisfactory. This method is applicable to

any motion as shown in Figure 8, which means

that we do not need to prepare di�erent �lters for

di�erent motions.

4.2.2. Filtering Kinematically Synthesized Mo-

tion

The dynamics �lter accepts not only raw captured

data but also kinematic combinations of captured

Figure 8: Karate kick generated by the dynamics

�lter

Figure 9: Motion generated from kinematically

combined motion

motions. The human �gure in Figure 9 makes a

turn of 30 degrees, by simply giving motion ob-

tained by smoothly connecting two walking mo-

tions heading di�erent directions as reference, con-

sidering no dynamic e�ects such as centrifugal

force. This result shows that we can make a hu-

man �gure walk along any path by indicating the

direction using some input device.

4.2.3. Interactive Motion Generation

Note that the optimization applied here is strictly

local to each frame, which means that this �lter

has the ability to realize a real-time and interac-

tive motion generator. Although we cannot call it

a \real-time dynamics �lter" because the compu-

tation takes 70 to 80 ms per frame with an Alpha

21264 500MHz processor, we tried to interact with

the �gure �lter as in Figure 10, where the �gure is

controlled to keep standing by the dynamics �lter,

and pushed in various directions by the user.



Figure 7: Captured (above) and �ltered (below) walking motions

Figure 10: Example of interactive motion generation: push a standing �gure

5. Conclusion

This paper presents our research issues toward a

motion generator for human �gures. The conclu-

sions of this paper are summarized as follows:

1. The concept of a dynamics �lter is proposed.

A dynamics �lter is a motion generator that

creates a physically consistent motion from

any reference motion, allowing interactive in-

puts from the user.

2. Basic dynamics computation methods used in

the implementation of dynamics �lter were

presented. The methods can handle various

phenomena observed in the motions of human

�gures, such as:

(a) general closed kinematic chains;

(b) structure-varying kinematic chains; and

(c) collisions and contacts.

3. An implementation of an on-line dynamics �l-

ter was also introduced and proved the po-

tential ability of the dynamics �lter by exam-

ples of motions generated from motion cap-

ture data.

Currently we have several projects related to

this issue:

1. Improvement of dynamics �lter in its ability

and computation time toward a real-time in-

teractive system

2. Development of a behavior capture system,

which not only captures the motion of hu-

mans but also their 3D shape, interaction with

the environments, and mental state via vari-

ous sensors

3. Controlling a real humanoid robot using the

behavior capture system as an input device to

make the robot imitate the motion of humans
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ABSTRACT : This paper describes an application of the
model of human's endocrine system in a real robot hard-
ware. The robot has four kinds of hormone parameters to
adjust to various internal conditions such as motor out-
put, cooling fan output and sensor gain etc. As the result
of the experiments, the hormone parameters enabled the
robot to adjust its conditions (homeostasis) and gener-
ate primitive adaptive motions.

1.  INTRODUCTION

To date, various “emotion models” have been proposed
in fields of the human interface (HI) in order to realize
human friendliness of  machines etc. [1] In these studies,
some explicit emotional states are implemented to the emo-
tion models by designer a priori, such as “anger,” “plea-
sure” and “sadness” etc. The research theme of these stud-
ies is to determine the methodology to categorize emo-
tion, the methodology to express each emotion, the meth-
odology to change the emotional state in the model, and
the methodology to improve the recognition rate for hu-
man to observe the emotion model etc.

Recently, much attention is paid to the application of
the emotional mechanism into autonomous robots [2-4] in
some fields represented by the “New AI.” These studies
do not treat the emotional states categorized explicitly,
but the intelligent behaviors which are similar to “emo-
tional behaviors” of living creatures. The motivation for
these studies is to construct the machine intelligence
rather than the human interface. Therefore, the research
theme for these studies is to propose the architecture of a
variety of emerging behavior.

The behavior variety of living creatures (human) are as-
sumed to emerge from biological changes in the body, for
example, respiratory rhythm, muscle tension, pupils diam-
eter, and skin temperature, etc. These biological changes
do not depend on the reflection system such as the spinal
cord and the brainstem but the autonomic nervous sys-
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tem and the endocrine system.
The objective of this study is to realize an emotion model

without the need of defining the classified emotional
states, but introducing a model based on the endocrine
system. To date, we have developed an autonomous mo-
bile robot named WAMOEBA-1R (Waseda Amoeba,
Waseda Artificial Mind On Emotion BAse), and imple-
mented the software of the endocrine system using fuzzy
set theory, and some effects of the system were confirmed
based mainly on the obstacle avoidance simulation ex-
periments. [5, 10] Through the experiments, it was clarified
the importance of the consideration of the robot hardware
architecture such as the internal sensors and the internal
adjusters which are the components of “the endocrine sys-
tem” in order to realize the environment adaptability of the
robot.

Based on above consideration, this paper discuss the
robot hardware architecture which refers to human bio-
logical system. WAMOEBA-2R developed in this study
obtained two possible functions by introducing the engi-
neering model of the endocrine system. One is the adjust-
ment function of the internal condition, and the other is
the emotional expression function.

2.  MORPHOLOGY OF THE ENDOCRINE SYSTEM IN

ROBOTS

In this chapter the outline of the autonomic nervous
system and the endocrine system is described. [6] The
human nervous system is categorized into two nerve sys-
tems. One is the ‘motor system’ which has been conven-
tionally implemented into robots as the joint servo con-
trol, and second is the autonomic nerve system and the
endocrine system for the adjustment of the body.

These systems do not belong to a reflection system but
a limbic system such as the amygdala and the hypothala-
mus in human brain where all sensing information are inte-
grated. These parts of the brain are comparatively old;
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Fig. 1 WAMOEBA-2R (Photgraph)

they appeared after the reflection systems such as the
brainstem and the vertebras. The endocrine system pos-
ses hormones to adjust various internal organs.

The autonomic nervous system and the endocrine sys-
tem has two principle functions. One function is called
‘homeostasis,’ which maintains the internal condition of
the living organisms. The other function is adjustment of
body states  in order to drive primitive emotions such as
“anger” and “fear,” so the being will survive in its envi-
ronment. [7]

It is thought that the criteria of this adjustment would
be the most primitive instinct of creatures; “self-preserva-
tion.” [8] For example, when the conditions of the envi-
ronment and/or the body change rapidly, the hormones,
such as the noradrenaline and the dopamine etc. are se-
creted and the sympathetic nervous system is driven. Then,
the muscles are tense, the pupils shrink and the activity of
the internal organs are suppressed. As the result of these
effects, the states of the body are prepared for the “fight-
ing or flighting” behavior. [9]

If such endocrine systems are introduced into a robot, it
is expected for the robot to adapt the environmental
changes by the adjustments of the motor outputs, the view-
ing angles of the cameras, and the circuit temperatures,
etc. As a result of these effects, the robot is expected to
generate more flexible behaviors than the simple reflec-
tion systems that behavior based robots [10] generate in
future. Furthermore, the behavior morphology of the ro-
bot has the possibility to become extremely similar to emo-
tional expressions of human. For example, even the changes
of the motor outputs are expected to cause psychological
impressions to the observer in a sense of “excitement” or
“quietness,” for example.

3. THE MODEL OF THE ENDOCRINE SYSTEM

3.1  HARDWARE OF WAMOEBA-2R
In this chapter, an autonomous mobile robot developed

in this study: WAMOEBA-2R shown in Fig. 1, 2 is de-
scribed. WAMOEBA-2R is an independent robot into
which  the batteries and the control systems are built. The
dimensions are 990 (L) x 770 (W) x 1390 (H) [mm], and the
weight is approximately 130 [kg]. Since a motor powered
wheel chair is adopted to the mobi le vehicle of
WAMOEBA-2R, the activity area is wide and not limited
to the indoors. Moreover, using the battery equipped in
the motor powered wheel chair, the total system of
WAMOEBA-2R can be driven for about half an hour.

To detect the external information, the head is equipped
with four ultrasonic range sensors, two color CCD cam-
eras, two microphones, and the vehicle is equipped with
eight touch sensors.

Fig. 2 Assembly Drawing of WAMOEBA-2R
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The breast portion of WAMOEBA-2R’s body has two
arms which has four D. O. F. (degree of freedom) with grip-
per which has one D. O. F. Total reach of this arm is 450
[mm] , the weight is 3.8 [kg], and the electric consumption
is 50.5 [W]. Each arm can hold an object with a maximum
weights of 2 [kg], and make emotional expressions by mak-
ing gestures. A strain gage is installed directly on each
joint axis to detect the torque of each joint.

Further, the head and breast are each equipped with the
LCD for the expression of emotional information, monitor-
ing of technical parameters and command inputs, etc.

However, the characteristic unique to WAMOEBA-2R
are not the sensors or D.O.F. but the internal mechanisms
for modeling the human’s endocrine system. The endo-
crine system, control the entire state of the living organ-
ism.  It is thought that, in the case of robot hardware,
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Torque Sensor
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Actuator
Output

Gastrointestinal
Activity

Battery
Battery Load

(Fruid Level Sensor)
Charging
Current

Sweat, Cowlick
Musclar tiredness

CPU, Electiric
Curcuit, Actuator

Temperature Sensor Cooling Fan

Arousal
Program Cycle

Speed
Data Processing Times

Occupaton
Memory

Pupillary Light Reflex Camera Optical Sensor Squeezing

Excretion
Structural Part
Electric Curcuit

Rust and/or Dirt -

Self-Restoration of
Organization

Wiring
Test for continuity
(Tester, Voltmetor)

-

Structural
member

Deformations
(Strain Gage etc.)

-

Sensors
Referrence to Input

Information
-

Table 1 The correlation between the autonomic nervous system

and Robot hardware mechanisms

these organisms correspond to the control mechanisms of
electric power consumption and circuit temperature etc.
Table 1 shows the results of the consideration of corre-
spondences between human’s autonomic nerve system
and the hardware mechanisms. Based on this assumption,
we constructed the original hardware architecture in
WAMOEBA-2R.

WAMOEBA-2R acquires the voltage of the battery in
the motor powered wheel chair directly through the A/D
converter and the driving current through the current sen-
sor. Also, using the temperature sensors IC, which are fixed
to each body part with silicon, WAMOEBA-2R can mea-
sure temperature at eight positions including the motors
(the head, the neck, the shoulder, the elbow, and the motor
chair) and the electrical circuits (the image processing
board and A/D boards etc.).

WAMOEBA-2R can cool these circuit boards by switch-
ing the number of driven cooling fans. Moreover,
WAMOEBA-2R can control the ON/OFF power supply of
the motor powered wheel chair, the neck motor and the
arm motor, etc., by itself. WAMOEBA-2R can adjust the
entire electric power consumption and the temperature of
the motor and the circuit by these functions.

WAMOEBA-2R has two CPU boards which are con-
nected via a LAN, and each CPU connects various I/O
boards such as the image processing board and A/D board
(ISA and PCI bus). Table 2 shows the hardware specifica-
tion of WAMOEBA-2R.

3.2 ENDOCRINE SYSTEM SOFTWARE
In earlier work [5, 11], the original evaluation method

was presented; “evaluation function of self-preservation”
using fuzzy set membership function to simulate the en-
docrine system in robots. In this chapter, the concrete
methodology for applying the model to the robot hard-
ware is described.

Each evaluation function converts the sensor input into
the evaluation value of durability (breakdown rate) of the
robot between 0-1. This function consists of two sigmoid
functions with one minimum value which stands for the
best state for self-preservation. When this value is close
to zero, the state of self-preservation is good, and if this
value gets close to one, the state is bad. WAMOEBA-2
has seven kinds of self-preservation evaluation functions
which correspond to eleven internal and external sensors.
The shape of these functions are decided depending on
the basic hardware specs. For example, the evaluation
function of the voltage of battery is shown in Fig. 3. In

Fig.3 Evaluation Function of Voltage Battery

Table 2  Specification of WAMOEBA-2R

Battery

Standerd

Voltage

1390(H) x 990(L) x 770(W) mm

Approx. 130 kg
Approx. 50 min

3.5 km/h
2 kgf/hand

Neck 2
Vehicle 2

Arm 4 x 2 = 8
Hand 1 x 2 = 2

Cooling Fan 10
Power Switches 4

External
Sensors

Image Input
Audio Input

Audio Output
Distance Detection

Joint Torque
Grip Detection

Object Detection

CCD Cameras x 2
Microphones x 2

Speaker
Ultrasonic Sensors x 4

Torque Sensers x 6
Pressure Sensors x 2

Photoelectric Sensors x 2
Touch Sensors x 8

Internal
Sensors

Temperature
Battery Voltage
Motor Current

Thermometric Sensors x 8
Voltage Sensor
Current Sensor

Duralumin, Aluminum

Pentium III (500MHz) x 2
RT-Linux

Dimensions
Weight

Operating Time
Max speed

Payload

External DOF

Internal DOF

Material

CPU
OS
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H1 H2 H3 H4

Actuator Output Up Down Down Up

Cooling Fan
Output

Down Up Up Down

CCD Camera
Viewing Angle

Decrease Increase Increase Decrease

Ultrasonic Sensors
Sensing Area

Narrow Wide Wide Narrow

Sound

Volume Up Down Down Up

Speed Up Down Down Up

Loudness Down Down Up Up

LCD Color Red Blue Yellow

Table 3 Influences of the Hormone Parameters

Fig. 4  System Structure of WAMOEBA-2R

this case, the shape of the function is decided depending
on the lowest voltage of the circuit drive, the standard
voltage of the battery.

WAMOEBA-2R calculates the total value P of these
evaluation functions and outputs four hormone param-
eters [H1 to H4] corresponding to four conditions, i.e.
whether the evaluation value P is good or bad (mood), and
whether the P changes dynamically or not (arousal), us-
ing the four sigmoid functions. These hormone param-
eters influence many hardware conditions and properties
such as the sensor gains, the motor outputs, the tempera-
tures of the circuits and the energy consumption etc. The
influences of each hormone are decided by referring to
the physiology [6] (Table 3).

The behaviors of WAMOEBA-2R are generated based
on the original reflection mechanism called the “motor
agent.” [12] In the motor agent algorithm, each motor ac-
quires all sensory information and other motor drive con-

ditions through the network with in the robot hardware.
Based on this information, each motor decides its own
actions autonomously. Based on only the implicit expres-
sions, the “motor agent,” which is described as the weight
of the network, WAMOEBA-2R can generate the behav-
ior using the whole body, e.g. imitation of the movement
area, the sound origin, and avoidance behavior, etc. Fig. 4
shows the structure of the hardware and software of
WAMOEBA-2R.

4. AFFECTS OF ENDOCRINE SYSTEM

To verify the effects of the presented hardware and soft-
ware architecture, we performed the experiments using
WAMOEBA-2R. The experimental environment was set in
an indoor room with a size of 6.0 (L) x 7.4 (W) [m]. There is
an obstacle, of which the size is 1200 (L) x 20 (W) x 1080
(T) [mm]. WAMOEBA-2R performed simple collision
avoidance behaviors by using the motor agent architec-
ture.

We performed for ty sets of  exper iments wi th
WAMOEBA-2R, first with the presented model and then
without the model. Each experiment takes approximately
five minutes. In each of the experiments, thirteen kinds of
data ,such as the temperature of the motors and the move-
ment distance were sampled every two seconds.

4-1 ADJUSTMENT OF INTERNAL CONDITION
1) Stabilization of Electrical Current Consumption

Fig. 5 shows the history of the motor current value in
WAMOEBA-2R in the collision avoidance behavior. When
the hormone parameters were not used (No use), it is con-
firmed that the motor current value changes rapidly ac-
cording to the mechanical  behavior  changes of
WAMOEBA-2R. These could be regarded as the unstable
states. On the other hand, when the parameters were used
(Use) , the motor current was stabilized because the be-
havior changes smoothly by the effects of the hormone

Fig. 5 The Comparison of the Motor Currents

0

1

2

3

4

5

0 50 100 150 200 250 300

Time (s)

C
ur

re
nt

 (
A

)

No Use

Use



-5-

0

2

4

6

8

0 100 200 300
����������	

�

�

�

�

�

�

�

�

	

�




�

�



�

�

	

�

�

�

�

�

20

22

24

26

28

30

0 100 200 300
����������	

�

�

�

�

�

�

�

�

�

�

�

	




�

�

Board1
Board2
Board3

Fig. 6 The Cooling Fans Output and the Temperature of Curcuit

Boards (System Used)

parameters.
Referring to Table 3, if the motor output increases by

the hormone parameters H1 and H4, then the cooling fan
output decreases. On the other hand, if the motor output
decreases by the hormone parameters H2 and H3, then the
cooling fan output increases. WAMOEBA-2R achieves
the stabilization of the current consumption of the entire
system not by the suppression of the moving distance or
the changing of the behavior form, but by the control ad-
justment between the motor and the cooling fan.
2) Stabilization of Temperature of Circuit

Based on the above relationship between the stabiliza-
tion of the motor current and the cooling fan output, we
investigated the influences of the temperature adjustment
of the cooling fan on the electrical boards.

Fig. 6 shows the cooling fan output and the tempera-
tures of each board. Though the alternation of the motor
output influences each cooling fan’s output, the H2 hor-
mone parameter is an output due to rising temperature of
each board and the output increases of the cooling fan. In
this case the temperature of each board tends to converge
around just under 26 [ ].

The following statements are the results of the experi-
ments. When the temperatures of circuits are low, the hor-
mone parameters increase the motor output and
WAMOEBA-2R can move aggressively. On the contrary,
when the temperatures of the electrical circuits are high,
the hormone parameters suppress the motor output and
increase the output of the cooling fan for the stabilization
of the circuits.

From these experiments, it can be said that the proposed
model of the endocrine system controls various condi-

tions of WAMOEBA-2R simultaneously. These adjust-
ments are decided not by the rules designed a priori, but
by four hormone parameters which constitute the state of
excitement or a state of calm for WAMOEBA-2R based on
the evaluation value of self-preservation. These can be
regarded as results of the realization of a part of the func-
tion “homeostasis,” which stabilizes the entire system of
the living organism.

4.2 GENERATION OF ADAPTIVE MOTIONS
In this chapter, the adaptability of the arm motion is

described. WAMOEBA-2R can detect the moving object
by the cameras, and move the arm to the object by the
motor agent architecture. Using this properties, we car-
ried out some experiments to confirm the influence of the
model of the endocrine system of WAMOEBA-2R. Con-
cretely, we set the obstacle on the trajectory of the arm
shown in Fig. 7, and observed the left arm motions ac-
cording to the output of hormone parameters.

Fig 8 shows one of the results of the motions of
WAMOEBA-2R arm without the effects of the endocrine
system model. The data were sampled every one second
for 485 [sec]. It is confirmed that the end of the arm made
the collision with the obstacle, and the motion failed into
the “dead lock” loop.

Fig. 9 shows one of the results of the motions of
WAMOEBA-2R arm with the effects of the proposed
model. It is confirmed that the arm could reach the moving
object detected by the cameras. Though the data were
sampled for 411 [sec], it took only 172 [sec] of the arm to
reach the target. This motion was generated by the fol-
lowing process.

The condition of the hormone parameter was changed
according to the output of the self-preservation evalua-
tion function of the joint torques caused by the collisions
between the end of the arm and the obstacle. Then
WAMOEBA-2R became exciting condition and the mo-

Y

X

Obstacle

Target

Fig. 7 The Experiment of the Arm Reaching
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tion speed and the trajectory of the arm were changed by
the effects of the hormone parameters, and the diversity
of the motion was generated.

It is thought that the results is one example of the adapt-
ability of the endocrine system.

5. SUMMARY AND FURTHER WORK

In this study, the correlation between a human’s endo-
crine system and the hardware mechanisms were de-
scribed. Also, we showed the hardware mechanism for
modeling the endocrine system in the independent au-
tonomous mobile robot, WAMOEBA-2R developed in this
research to realize the emotional communication between
humans and robots. WAMOEBA-2R can acquire the in-
ternal information such as the voltage of the battery, the
consumption current, and the circuit temperature etc. More-

over, WAMOEBA-2R is implemented four kinds of hor-
mone parameters which control the internal conditions by
using the cooling fans and electrical switches. These pa-
rameters are calculated from the original algorithm “the
evaluation function for self-preservation.” The parameters
influence various parts, such as motor outputs and sen-
sor gains due to the results of these functions. It is found
that WAMOEBA-2R can adjust the internal conditions
such as the motor current and the temperature of the cir-
cuit and produce adaptive behaviors accordingly.

In the future, it would be an interesting study to obtain
evaluations concerning the psychological impressions
which WAMOEBA-2R gives to humans.
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Fig. 9 The trajectory of the arm (with the proposed model)
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Abstract

This paper present a self-excited walking of a four-

link biped mechanism which possesses an actuated hip

joint and passive knee joints. First we manifested

that this self-excitation control enables 3-DOF planar

biped model to walk on a level ground, by numerical

simulation. Next we showed experimental study of a

manufactured planar biped walking robot. We demon-

strated that stable walking can be realized on a slightly

inclined plane by the self-excitation control.

1. Introduction

Biped locomotion is regarded as a combined mo-

tion of an inverted pendulum and a 2-DOF pendu-

lum. Here the inverted pendulum represents mo-

tion of a support leg and body, while the 2-DOF

pendulum represents motion of swing leg. Only

when those movements are synchronized, biped lo-

comotion can be stabilized.

Over the past few decades, a large number

of studies have been made on bipedal walking.

Among many researchers, McGeer [1] [2] studied

passive dynamic walking mechanisms on a down-

hill slope without actuating and controlling. In

connection with his research, a close study on sta-

bility and complexity of simple walking model was

done by Garcia [3]. Goswami [4] [5] investigated

the passive gait of a compass-like biped robot es-

pecially about symmetry and chaos. Spong [6] [7]

studied on the switching control applied to pas-

sive gait. One of the purpose of their researches

is to enlarge the basin of the limit cycles. The re-

markable feature of these passive gait is its anthro-

pomorphic motion and energy e�ciency because

those passive mechanisms utilize its inherent nat-

ural motion.

Based on the similar idea of utilizing natural

mode, one of the authors has already proposed

self-excitation control [8] which can e�ciently and

Walking direction

Support leg

θ

Stopper
Swing leg

3

T

Figure 1: 3-DOF walking mechanism

robustly drive natural mode of the mechanical sys-

tem. Ono and Okada [9] [10] applied the Van der

Pole type self-excitation to drive an insect wing

model and the asymmetric sti�ness-matrix type

to drive a rolling biped mechanism. Further, Ono

and Imadu [11] showed a possibility that a hu-

man like planar 3-DOF biped mechanism can be

driven by the latter method. In this paper, we

show this self-excitation control strategy enables

3-DOF planar biped mechanism to walk. Then we

verify the numerical simulation experimentally by

using a manufactured biped robot.

2. Control Method of Biped Walking

2.1. Conditions for stable walking

Figure 1 shows a planar biped walking mechanism

which has no ankle and trunk. This mechanism

consists of two legs which are connected in series

at hip joint by an actuator. Each leg consists of a

thigh and a shank connected at a passive knee joint

which has a rotary damper and a knee stopper.

By this knee stopper, an angle of knee rotation

is restricted like a human knee so that it cannot

rotate forward. Five conditions are required to

realize a stable biped walking on a sagittal plane



by this simple mechanism.

1. The period of the mechanism as a inverted

pendulum should synchronize with half period of

swing leg as a 2-DOF pendulum.

2. Kinematic energy loss which is consumed

during swing leg's foot collision and each knee

stopper collision should be actively supplied by the

actuator.

3. Synchronized motion of inverted pendulum

and 2-DOF swing leg pendulum, and energy sup-

ply and consumption have a stable characteristics

against deviations from the synchronized motion.

4. At the support leg's knee joint, knee stopper

have to be locked (support leg condition).

5. The swing leg should bend to keep the clear-

ance (swing leg condition).

In this study, we show that these requirements

can be satis�ed by self-excitation control. By

the linearized theory and simulation of nonlinear

system, we already con�rmed that 2-DOF swing

link system is e�ciently self-excited by asymmetric

sti�ness-matrix-type self-excitation control. Based

on the previous study, we de�ned feedback torque

at the hip joint as such,

T = �k�3 (1)

where k is a feedback gain and �3 is absolute an-

gle of the swing leg shank. Because it is di�-

cult to analytically show that this control method

can generate a walking motion which satis�es the

above mentioned requirements, we show this self-

excitation control can ful�ll the required condi-

tions and make the mechanism walk stably on level

plane by numerical simulation.

2.2. Algorithm of self-excitation control

In order to derive basic equation of motion to sim-

ulate the walking gait of the 4-link biped mecha-

nism, we divide one step walking motion into three

phases from view point of di�erence of freedom and

governing equation. Figure 2 shows three di�erent

phases of one step walking.

1. From start of swinging leg to collision of knee

stopper (First phase).

2. From collision of knee stopper to touchdown

of swing leg (Second phase).

3. Double support phase and exchange between

support leg and swing leg (Third phase).

In the following analysis, we assumed that dur-

ing the �rst and second phases, the knee stopper

2nd phase 1st phase

3rd phase

Figure 2: Di�erent phases of biped walking

a
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Link 2
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3

3

Link 3

1

θ2

Link 1

T

3
1

Walking direction

Figure 3: Analytical model of 3-DOF walking mecha-

nism

of support leg can be locked by negative internal

force. The validity of this assumption is discussed

in the next chapter. From this assumption we can

regard the biped mechanism as 3-DOF which con-

sists of 1-DOF support leg and 2-DOF swing leg.

In the �rst phase, the feedback torque T = �k�3
is applied at hip joint. By this feedback torque,

swing leg is naturally bent at knee joint. Then it

can swing forward without hitting the ground.

In the second phase, the feedback torque is not

supplied (T = 0). Therefore it moves freely un-

til it collides with a ground. We considered these

foot collision and knee stopper collision as perfect

inelastic one. Hence we calculate angular velocity

of each links just after the collisions by the law of

conservation of angular momentum.

2.3. Analysis of the model

First Phase: Figure 3 shows the analytical model

of the biped mechanism. Equation of motion of



Table 1: Link parameter values

m1 [kg] 4.0 m2;3 2.0 2.0

l1 [m] 0.8 l2;3 0.4 0.4

I1 [kgm2] 0.21 I2;3 0.027 0.027

a1 [m] 0.2 a2:3 0.2 0.2

this system is written as follows:

[M ]

0
@

��1
��2
��3

1
A+ [C]

0
@

_�21
_�22
_�23

1
A+

0
@ K1

K2

K3

1
A

=

0
@ k�3

�k�3
0

1
A (2)

Second Phase: During the second phase there

is no feedback torque, and the swing leg can be

considered as 1-DOF because the knee stopper is

naturally locked by walking motion.

Third Phase: We assumed this phase takes place

instantaneously. From the law of conservation of

momentum and angular momentum, we derive the

angular velocity just after the foot collision.

3. Results of Numerical Simulation

3.1. Nature of self-excited walking

Based on the analysis described above, we per-

formed numerical simulations. In this self-

excitation control strategy, the variable parame-

ter is only feedback gain k. Therefore we exam-

ined the e�ect of feedback gain on characteristics

of biped walking motion.

Figure 4 shows a typical result of numerical sim-

ulation of stable walking motion by using link pa-

rameter values shown in Table 1. Those parame-

ter values are obtained under the assumption that

the linear density of the robot's link is 5 [kg/m]

and the length of leg l1 is 0.8 [m]. Figure 5 shows

phase plane of the shank during one cycle of the

gait. From t = T0 to t = T�2 , the shank is sup-

port leg phase, from t = T+

2 to t = T+

4 the shank

is swing leg phase. T�1 ; T�3 and T+

1 ; T
+

3 indicate

before and after the knee stopper collision, respec-

tively. T�2 ; T�4 and T+

2 ; T
+

4 show before and after

the foot collision with the ground, respectively.

If the feedback gain and initial conditions are

adequate, the gait of biped mechanism converges

to the stable limit cycle. By inverse dynamics of

Figure 4: Stick �gure of stable walking (k=6.3
[Nm/rad], r = 0:0 [m], Period=1.18 [s])
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Figure 5: Phase plane of the shank

the simulation result, we con�rmed that the knee

stopper of the support leg is naturally locked by

walking motion if there is 1 � 2[deg] o�set at the

knee joint. Therefore the knee joint of the experi-

mental robot does not need a locking mechanism.

3.2. E�ect of feedback gain

In this section, we explain the e�ect of feedback

gain on biped walking motion. As the result of

numerical simulation, we found that stable walking

is possible over the wide range of feedback gain

value, from k = 4:8 to k = 7:2[Nm=rad]. Figure

6 shows the e�ect of feedback torque on walking

velocity, input energy and periods. We de�ned the

input energy P such that

P =
1

tend

Z tend

0

j _�2k�3jdt (3)

where tend is simulation term. As seen in this �g-

ure, even if feedback gain k increases, the walk-

ing periods change little, velocity increases slightly,

but input energy increases proportional to the k.

The walking motion of the biped mechanism

with high feedback gain become soldier-march-like
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Figure 6: Feedback gain e�ect on velocity, input energy

and period

gait, swinging up the swing leg high. This is the

reason why energy consumption increases propor-

tionally to the feedback gain. Therefore it can be

said that walking period and velocity are not af-

fected so much by feedback gain, but in terms of

energy consumption, a smaller feedback gain walk-

ing is better. However the feedback gain should

also be determined from the robustness of walking

motions against the irregularity of the ground.

4. Experiment

4.1. Manufactured biped walking mechanism

The manufactured biped walking robot is shown in

Figs.7 and 8. The Biped Walking Robot (BWR)

has a couple of outer leg and single inner leg.

These legs are connected in series by AC servo

motor. Each leg consists of thigh and shank con-

nected at knee joint which has optical encoder, ro-

tary damper and knee stopper.

We carefully designed and adjusted the robot so

as to meet the requirement of "dynamically equiv-

alent to the analytical model". Therefore both

the outer leg thighs are connected by the hip joint

shaft. The shanks are also connected by the light

weight frame which does not interfere the motion

of inner leg. By means of the connected outer leg,

the rolling motion of the robot was perfectly con-

strained so that the robot could behave as a biped

mechanism on a sagittal plane.

4.2. Experimental results

In experiment the most di�cult problem is to learn

how we lead the initial state of BWR into a basin

where BWR's walking motion converges to a limit

cycle. Another problem is to reduce disturbances

from ground, cable and irregularity of the mecha-

Figure 7: Picture of biped walking robot (BWR)
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4 

m
0.

4 
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Figure 8: Outline of biped walking robot (BWR)

nism. Optimization and symmetry of mechanical

parameters are also important. As the results of

trial learning of the initial condition and modi-

�cation of the system, we have �nally succeeded

in realizing biped walking on a slightly inclined

plane of about 0:8[deg]. Video of the self-excited

biped walking will be shown in the presentation.

Figure 9 shows experimental data and simulation

data of relative angle � between support leg and

swing leg. This experimental result approximately

agreed with simulated one. Although it is not clear

why the robot cannot walk on a complete level

plane, main reason seems to be that the energy

consumption at collision is much larger than the

simulation results.
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walking

5. Conclusion

We proposed a self-excited biped walking mecha-

nism which can generate its natural walking mo-

tion on a level ground. The control strategy is

based on the asymmetric sti�ness-matrix-type self-

excitation.

Using simple analytical model and basic equa-

tion in each phase, we numerically showed self-

excited biped walking. As a result, it was found

that stable walking motion is possible over the

wide range of feedback gain. The walking velocity

and period were not so a�ected by feedback gain

because this control strategy utilize the natural

motion of the biped mechanism.

To verify the simulation results, we manufac-

tured planar biped robot which has a couple of

outer leg, inner leg and one actuator between

them. After adjusting the mechanical parameters,

we succeeded in making BWRwalk on a plane with

0:8[deg] inclination. Our future goals are realiza-

tion of biped walking on complete level plane and

improvement of robustness against disturbances.
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Abstract 

Stable and robust autonomous dynamic locomotion is 
demonstrated experimentally in a four and a six-legged 
robot. The Scout II quadruped runs on flat ground in a 
bounding gait, and was motivated by an effort to 
understand the minimal mechanical design and control 
complexity for dynamically stable locomotion. The RHex 0 
hexapod runs dynamically in a tripod gait over flat and 
badly broken terrain. Its design and control was motivated 
by a collaboration of roboticists, biologists, and 
mathematicians, in an attempt to capture specific 
biomechanical locomotion principles. Both robots share 
some basic features: Compliant legs, each with only one 
actuated degree of freedom, and reliance on (task space) 
open loop controllers. 
 
1. Introduction 
 
Designers of statically stable autonomous legged 
robots in the past have paid careful attention to 
minimize negative work by minimizing vertical body 
movements during locomotion. This required 
complex leg designs with at least three degrees of 
freedom per leg, more if an ankle/foot combination is 
required.  The resulting cost, mechanical complexity, 
and low reliability make it difficult for these robots to 
be profitably deployed in real world tasks.  

In contrast, dynamic locomotion with compliant 
legs permits not only higher speeds and the potential 
for drastically improved mobility compared to 
statically stable machines, but at the same time 
permits these improvements with greatly simplified 
leg mechanics. With compliant legs, instantaneously 
controlled body motion can no longer be achieved, 
and energy efficient locomotion must utilize 
intermittent storage and release of energy in the 
passive leg compliances.  It is remarkable that despite 
their mechanical simplicity, outstanding dynamic 
mobility is obtained in both machines described in 
this paper, based on very simple (task space) open 
loop controllers.  

In the Scout II quadruped we have attempted to 
demonstrate the limits of mechanical simplicity, while 
still obtaining a range of useful dynamic mobility.  
Even with only one actuator per leg, we obtained full 
mobility in the plane on flat ground, and running 
speeds of up to 1.2 m/s with a bounding gait [7].  
These preliminary results and ongoing research 
suggest that further speed and mobility improvements, 
including compliant walking, leaping, and rough 
terrain handling are within reach.  

The extension of the basic engineering design 
principles of Scout II to the fundamentally different 
hexapedal running of RHex 0 is based on insights 
from biomechanics, whose careful consideration 
exceeds the scope of this paper. In a paper 
documenting the performance of cockroach 
locomotion in a setting similar to our recreation in 
Figure 11, R. J. Full et al., state “Simple feedforward 
motor output may be effective in negotiation of rough 
terrain when used in concert with a mechanical 
system that stabilizes passively. Dynamic stability and 
a conservative motor program may allow many-
legged, sprawled posture animals to miss-step and 
collide with obstacles, but suffer little loss in 
performance. Rapid disturbance rejection may be an 
emergent property of the mechanical system." In 
particular, Full's video of a Blaberus cockroach racing 
seemingly effortlessly over a rough surface, shown at 
an interdisciplinary meeting [6] motivated and 
initiated the development of RHex. 

Though morphologically quite distinct from its 
biological counterparts, RHex emulates the basic 
principles of insect locomotion as articulated by Full.  
The robot’s sprawled posture with properly designed 
compliant legs affords strong passive stability 
properties, even on badly broken terrain. These 
stability properties, combined with a rugged 
mechanical design forgiving to obstacle collisions 
permits controllers based on open loop (“clocked”) 
leg trajectories to negotiate a large variety of terrains. 

http://www.cim.mcgill.ca/~arlweb
http://www.eecs.umich.edu/~ulucs/rhex/


2. Scout II Quadruped 
 

 
Figure 1: Scout II. 

Scout II, shown in Fig. 1, has a main body and four 
compliant legs. The body contains all elements for 
autonomous operation, including computing, I/O, 
sensing, actuation, and batteries. Each leg is a passive 
prismatic joint with compliance and rotates in the 
sagittal plane, actuated at the hip by one motor.  
Without leg articulation, toe clearance during the 
swing phase can be achieved with any running gait 
that includes a flight phase, for example, pronking, 
trotting and bounding. We have chosen the bounding 
gait (Fig. 2) since it permits a smooth transition from 
a bounding walking gait, the subject of current 
research. 

 

Figure 1: Illustration of a bounding gait. 
 

 
Figure 2: Scout II model 

The sagittal plane model, shown in Fig. 3, is a four 
degree-of-freedom system in each single stance phase, 
and a five degree-of-freedom system during flight, 
with only two hip torque control inputs. 
  

Control 
The bounding controller accomplishes running at a 
desired forward speed, dx& , by placing each leg at the 

desired angle, dφ , 
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dv xxk −=τ  during 
stance. This controller is motivated by the foot 
placement algorithm in Raibert's three-part controller 
[8].  The key differences in our controller are 
necessitated by the absence of a linear leg thrusting 
actuator, and thus the lack of a direct means to add 
energy to the vertical (body pitching) dynamics.  
First, the offset term, a, in (1), diverts some forward 
energy to the vertical dynamics in each step. This 
reduced forward energy (the robot slows down) is 
then compensated during stance phase via the explicit 
velocity control.  
 
There is no explicit control of the body pitch 
oscillation - front and back leg controllers are 
independent. They only rely on the individual leg 
states, and make no use of an overall body state. 
Computer simulations show that this controller, 
despite its simplicity, succeeds not only in stable 
velocity control, but also in tracking rapid set point 
changes in forward velocity, as shown in Fig. 4.  
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Figure 3: Step changes in forward velocities 

controlled by the hip actuator torque. 
 
An open loop version of this controller is an attempt 
to demonstrate the simplest form of compliant 
quadruped running control without any explicit 
feedback control of body oscillation and forward 
speed. It simply commands a constant desired hip 
torque, τd, during stance and a constant desired leg 
angle, φd, controlled during flight via a set point PD 
algorithm. With two values for front and back legs, 
this controller is determined by only four parameters.  



Fig. 5 shows a Working Model 2D [4] simulation of 
the open loop controller, with fixed values of 
touchdown leg angles (18o for the back legs and 22o 
for the front legs) and stance torques (40 Nm for the 
back legs and 10 Nm for the front legs).  The result is 
steady running with 1.2 m/s forward speed with body 
oscillation with an amplitude of 6.5o and a period of 
0.29 s. 
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Figure 4: Body pitch and forward velocity during running 
with the open loop controller. 

Thus, surprisingly, compliant quadruped running is 
possible without explicit feedback control of forward 
speed or stance time. The disadvantage of this 
controller is that each particular speed requires the 
selection of the appropriate touchdown leg angles and 
stance torques.  However, this could be implemented 
in a straightforward fashion as a lookup table, and 
could serve as a potentially robot-saving backup 
controller in case of sensor failure. 
 
Experiments 
 
As suggested by the simulations, it is possible to 
achieve a steady bounding gait by choosing a suitable 
set of constant motor torques during stance and leg 
touchdown angles during flight. Even though there is 
no active control of the body roll dynamics in the 
experimental four-legged robot, the damping in the 
leg springs was sufficient for passive roll stability. 
 
We have implemented the open loop controller on 
Scout II. A back torque of 35 Nm per leg and a front 
torque of 10 Nm per leg was used. A touchdown 
angle of 22o with respect to the vertical for the front 
legs and 18o for the back legs was commanded for the 
flight phases.  
 
A slip prevention torque limit (described in [7] and 
omitted here for brevity) was implemented in 
simulation and experiments. The only difference in 

the experimental slip prevention function is that it 
dealt with each of the two front and back legs 
independently.  
Both simulation and experimental runs started at zero 
speed and accelerated until steady state speeds were 
achieved. While the first two to three seconds 
transition phase is different in simulation and 
experiment, the remaining operating time is 
comparable. Both speeds reach a steady value of 
about 1.2 m/s. The large experimental speed 
fluctuations in Fig. 6 are primarily an artifact of our 
speed calculation, based on the hip angular velocities, 
which suffers due to the combined backlash of the 
gear and the belt transmission of several degrees. 
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Figure 5: Forward velocity. Top: Experiment. Bottom: 

Simulation. 

Turning while running is accomplished via a simple 
modification to the open loop bounding controller. 
The idea is to apply differential torques to the left and 
right sides of the legs during the stance phases. 
Implementation of the turning algorithm resulted in 
rapid turns as illustrated in Fig. 7. 
 

2.52 s 
 

 3.68 s 

 
 4.04 s 

 
4.88 s 

Figure 6: Turning experiment. 

  



3. RHex  0 Hexapod 
 

 
Figure 7: RHex 0. 

RHex 0, shown in Fig. 8, has a main body and six 
compliant legs. As in Scout II, the body contains all 
elements for autonomous operation, including 
computing, I/O, sensing, actuation, and batteries. 
Unlike most hexapodal robots built to date, RHex 0 
has compliant legs, and was built to be a runner. Each 
leg rotates in the sagittal plane, actuated at the hip by 
one motor.  Since a bounding type walking gait is not 
feasible with six legs, RHex walks with a compliant 
tripod gait, and eliminates any toe clearance problems 
by rotating the legs in a full circle. 
 
Control 
 
Since the present prototype robot has no external 
sensors by which its body coordinates may be 
estimated, we have used joint space closed loop 
(“proprioceptive”) but task space open loop control 
strategies. These are tailored to demonstrate the 
intrinsic stability properties of the compliant hexapod 
morphology and emphasize its ability to operate 
without a sensor-rich environment. Specifically, we 
present a four-parameter family of controllers that 
yields stable running and turning of the hexapod on 
flat terrain, without explicit enforcement of quasi-
static stability. All controllers generate periodic 
desired trajectories for each hip joint, which are then 
enforced by six local PD controllers, one for each hip 
actuator. As such, they represent examples near one 
extreme of possible control strategies, which range 
from purely open-loop controllers to control laws that 
are solely functions of the leg and rigid body state. It 
is evident that neither one of these extremes is the 
best approach and a combination of these should be 
adopted. An alternating tripod pattern governs both 

the running and turning controllers, where the legs 
forming the left and right tripods are synchronized 
with each other and are 180° out of phase with the 
opposite tripod, as shown in Fig. 9. 

 
Figure 9: Motion profiles for left and right tripods. 

 
The running controller's target trajectories for each 
tripod are periodic functions of time, parametrized by 
four variables: tc, ts, φs and φo. The period of both 
profiles is tc. In conjunction with ts, it determines the 
duty factor of each tripod. In a single cycle, both 
tripods go through their slow and fast phases, 
covering φs and 2π - φs of the complete rotation, 
respectively. The duration of double support td, when 
all six legs are in contact with the ground, is 
determined by the duty factors of both tripods. 
Finally, the φo parameter offsets the motion profile 
with respect to the vertical. Note that both profiles are 
monotonically increasing in time; but they can be 
negated to obtain backward running. Simulations 
(Fig. 10) demonstrate that control of average forward 
running velocity is possible with these controller 
outputs. 

 

 
Figure 10: Simulation of forward body velocity. 

 
We have developed two different controllers for two 
qualitatively different turning modes: turning in place 



and turning during running. The controller for turning 
in place employs the same leg profiles as for running 
except that contralateral sets of legs rotate in opposite 
directions. This results in the hexapod turning in 
place. Note that the tripods are still synchronized 
internally, maintaining three supporting legs on the 
ground. Similar to the control of forward speed, the 
rate of turning depends on the choice of the particular 
motion parameters, mainly tc and φs. In contrast, we 
achieve turning during forward locomotion by 
introducing differential perturbations to the forward 
running controller parameters for contralateral legs. In 
this scheme, tc is still constrained to be identical for 
all legs, which admits differentials in the remaining 
profile parameters, φo and ts, while φs remains 
unchanged. Two new gain parameters, ∆ts and ∆φo are 
introduced. Consequently, turning in +x (right) 
direction is achieved by using ul = [tc; ts+∆ts; φs; φo 

+∆φo] and u r = [tc; ts-∆ts; φs; φo-∆φo] for the legs on 
the left and right sides, respectively. 

 
Experiments 
 

We have implemented the open loop controller on 
the RHex prototype.  Extensive testing demonstrated 
that RHex was able to negotiate a variety of 
challenging obstacle courses, with obstacles well 
exceeding the robot’s ground clearance, all with fixed 
(unchanged) open loop control trajectories, and with 
only minor velocity variations between 0.45 m/s and 
0.55 m/s. Detailed statistical performance 
documentation over all the terrains will be the subject 
of a forthcoming publication. On flat ground (carpet), 
the forward speed (averaged over ten runs) is, as 
predicted by the simulation, slightly above 0.5 m/s, or 
about one body length/s. On this surface, the average 
total electrical power consumption is 80 W. 
 

As simulation study had predicted as well, steering 
is possible, even though the leg actuation is limited to 
motion in the sagittal plane only, via differential 
motion between left and right legs. We selected 
control parameters that resulted in turns in place and 
robot speeds up to about 0.4 m/s. The maximum 
forward velocity is reduced during turning, because 
the differential leg motion precipitates the onset of the 
speed limiting vertical body oscillations. The 
maximum yaw angular velocities increase almost 
linearly with forward velocity up to 0.19 rad/s at 0.39 
m/s. Interestingly, the resulting turn radius is almost 
constant with approximately 2 m. Turning in place 
provides the highest yaw angular velocity of 0.7 rad/s. 
 

One particular rough terrain experiment was an 
attempt to evaluate RHex's performance in a similar 
environment to that negotiated by a Blaberus 
cockroach in [2]. Our efforts at re-creating such a 
surface at RHex's scale are shown in Figure 11. To 
our surprise, RHex was able to traverse this surface 
with random height variations of up to 20.32 cm 
(116% leg length) with relative ease at an average 
velocity of 0.42 m/s (averaged over ten successful 
runs). 

 

 
Figure 11: Locomotion on rough terrain. 

 
Accumulating evidence in the biomechanics literature 
suggests that agile locomotion is organized in nature 
by recourse to a controlled bouncing gait wherein the 
“payload", the mass center, behaves mechanically as 
though it were riding on a pogo stick [1]. While 
Raibert's running machines were literally embodied 
pogo sticks, more utilitarian robotic devices such as 
RHex must actively anchor such templates within 
their alien morphology if the animals' capabilities are 
ever to be successfully engineered [3]. A previous 
publication showed how to anchor a pogo stick 
template in the more related morphology of a four 
degree of freedom monopod [10]. The extension of 
this technique to the far more distant hexapod 
morphology surely begins with the adoption of an 
alternating tripod gait, but its exact details remain an 
open question, and the minimalist RHex design (only 
six actuators for a six degree of freedom payload!) 
will likely entail additional compromises in its 
implementation. Moreover, the only well understood 
pogo stick is the Spring Loaded Inverted Pendulum 
[12], a two-degree of freedom sagittal plane template 
that ignores body attitude and all lateral degrees of 
freedom. Recent evidence of a horizontal pogo stick 
in sprawled posture animal running [5] and 
subsequent analysis of a proposed lateral leg spring 
template to represent it [11] advance the prospects for 
developing a spatial pogo stick template in the near 
future. Much more effort remains before a 
functionally biomimetic six degree of freedom 
“payload” controller is available, but we believe that 



the present understanding of the sagittal plane can 
already be used to significantly increase RHex's 
running speed, and, as well, to endow our present 
prototype with an aerial phase. 
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Abstract 
In this paper, partial leg exchange gait for twin-frame 
walking robot is proposed. This twin-frame walking robot 
doesn’t have the degrees of freedom (DOF) for moving the 
center of gravity (CG). Thus, it is impossible to increase the 
stability margin actively. But using this proposal method, 
CG can move in the leg exchange phase and obtain enough 
stability margins. Proposal gait motion is verified through 
experiments using mechanical model ParaWalker-II. 

1.  Introduction 

It is desired to be developed the practical robots 
which have both high terrain adaptability and high 
manipulability for moving on uneven terrain and 
performing various tasks. We have been developing 
twin-frame mobile robot named “ParaWalker-II” as 
with these abilities [1]. And until now, it is confirmed 
its practical use through the experiment of walking on 
uneven terrain [1], force control [2] and stair 
climbing [3]. 
  In this paper, we propose the partial leg exchange 
motion, which is the method for obtaining high 
mobility with keeping high stability. Using this 
method, the position of CG can be moved during the 
leg exchange motion. Therefore the wider strides and 
more mobility can be obtained. 

2.  Twin-Frame Walking Robot 
“ParaWalker-II” 

  The indispensable abilities for practical moving 
and task performing robot are 1) mobility. 2) ability 
for performing tasks. and 3) ability for assisting for 
performing other tasks. As such a robot we proposed 
the twin-frame mobile robots [4]. 
  Twin-frame mobile robots consist of two frames 
and 6-DOF mechanism connecting each frames. 
Figure 1 shows twin-frame walking robot, which is 
walking type robot in the category of twin-frame 
mobile robot, named “ParaWalker-II.” ParaWalker-II 
consists of two frames (leg-bases) with three legs. 
Each leg-base is connected by 6-DOF mechanism 
named “S/P Hybrid Platform.” Therefore the swing 

 

Figure 1: Twin-frame walking robot “ParaWalker-II”, 
which can perform various tasks 
(performing the grinding task) 

leg-base can be move with 6-DOF motion against the 
supporting leg-base, that is against the ground. So 
using this DOF motion, ParaWalker-II has enough 
task performing abilities shown in Fig. 1 as a 6-DOF 
manipulator. 
  And using this DOF motion, ParaWalker-II can 
produce the walking motion. ParaWalker-II can walk 
with keeping its stability because each leg-base touch 
the ground with 3 points (legs) and the CG always 
stay inside the supporting area that is made by 
grounded points. 
  Twin-Frame mobile robot performs both tasking 
and moving using the same mechanism. So the 
necessary DOF, that is the actuators, for tasking and 
moving can be minimized. As a result of this, total 
weight can be reduced. Furthermore, reduction of 
DOF, actuators, makes control of the robot easy 
because amount of necessary calculation for the 
robots becomes small. 
  And the ParaWalker-II equips only one extendable 
leg [3] because of achieving higher terrain 
adaptability. But this is no relation between this paper. 
We don’t explain and handle in this paper. 



3. Partial Leg Exchange Motion 

  The gait motion for ParaWalker-II is produced by 
alternate motion. Each leg-base becomes 
swing/support leg-base alternatively. So this gait 
motion is equivalent to the biped with wide sole. 
  In bipedal walking motion like human beings, the 
position of the CG makes smooth transitions. That is 
because the smooth CG motion is produced by the 
motion of the upper part of the body. But the CG 
motion of twin-frame walking robot ParaWalker-II is 
intermittent motion. And ParaWalker-II doesn’t have 
extra DOF for moving only CG actively because 
ParaWalker-II is constructed with minimized DOF. 
This makes some disadvantages. First, the position of 
CG is determined by relative position of each 
leg-bases explicitly. And second, the stability margin, 
that is almost equivalent to the mobility, is 
determined by robot’s structure. For example in 
ParaWalker-II, the maximum stride (horizontal 
distance between each frames) is determined the 400  
[mm] by its structural geometry. And if leg exchange 
motion is carried out at near this stride length the 
stability margin becomes very small and leg exchange 
motion is performed unstable. Therefore securing 
stability margin, one step is limited about 200 [mm] 
in the case of normal walking motion. Thus, the 
problem how to obtain high stability in leg exchange 
phase should be resolved for obtaining higher 
mobility. 
  So we proposed partial leg exchange motion. As 
using this method, the leg exchange motion is 
performed with high stability margin and robots 
realize wider strides. Furthermore, this method has 
the possibility that the robot is also able to move with 
smooth CG transition that is similar to the movement 
of the animals. Process of the partial leg exchange 
motion is explained next. 

3.1 Process of the partial leg exchange motion 

  Motion difference between proposal partial leg 
exchange motion and previous motion is shown in 
Fig. 2. The process of proposal partial leg exchange 
motion is: 
 1: Lift up the frame and go forward 
 2: Rotate frame centered by frame’s CG 
 3: Down the frame (two legs are touched down) 
 4: Rotate frame and all legs are touched down 

At the process 2, CG doesn’t move because center 
of the rotation is match with the center of frame, that 
is CG of each frame. At the process 3, grounded point 
of the leg goes forward with inclination of the frame.  

Center of Gravity

Starting Position

Tilt and transfer                  
the upper frame

Lower the upper frame

Finish Position

Starting Position

Finish Position

Transfer the upper frame

Lower the upper frame

Start point

One StepOne Step

 
 (a) (b) 

Figure 2: Comparison between 
(a): proposal partial leg exchange motion and 

(b): previous normal gait motion 

So stride length can be changed by the inclination 
angle of the frame with the same stability margin. 
Therefore, it is possible to take a wide stride walk 
with enough stability margins. 
  This motion is resemble to animals’ walking 
motion. Animals make their CG move smoothly in 
walking motion using these sequences, at first touch 
their heel to the ground, then whole sole and finally 
only tow. As taking this proposal walking motion the 
twin-frame walking robot ParaWalker-II can produce 
the smooth CG transition that was moved alterna-
tively taking the previous walking motion. 

4.  Walking Experiment 

  Figure 4 shows the walking experiment using 
partial leg exchange motion by the ParaWalker-II. 
This confirms the realization of stable static walk 
with about 500 [mm] step using partial leg exchange 
motion.  



 
Step1: Lift the upper-leg-base 

 
Step2: Forward the upper-leg-base and rotate 

 
Step3: Down the upper-leg-base (2 legs are touched down) 

 
Step4: Rotate the upper-leg-base (all legs are touched down) 

 
Step5: Rotate the lower-leg-base (1 leg left the ground) 

 
Step6: Lift. rotate, forward and grounded the lower-leg-base 

Figure 3: Partial leg exchange walking experiment

5.  Applications 

5.1 For various walking gait motions 

Partial leg exchange motion produces the CG 
actuation that seems impossible at the leg exchange 
phase. Therefore, using this motion makes some 
variations of pattern for walking gait motion. 

5.1.1 3-6-3 gait motion (previous normal gait pattern) 

  This is previous gait motion. This gait sequence is 

shown in Fig. 2 (b). So the number of the grounded 
legs changes from 3 to 6 and 3. From the problem of 
CG position that doesn’t go out the supporting area, 
the state like Fig.3 step4 cannot be taken. Therefore 
the maximum stride in this walking motion is limited 
by about 200 [mm]. 

5.1.2 3-5-6-5-3 gait motion 

  This is the partial leg exchange motion shown in 
Fig. 3. The number of grounded point is transfer from 
3 to 5, 6, 5, and 3. 



5.1.3 3-5-4-5-3 gait motion 

  This walking motion is shown in Fig.4. In this 
motion, grounded points change from 3 to 5, 4, 5 and 
3 without all legs are grounded. As there is no state in 
all legs are in contact, the CG motion may become 
smooth and walking velocity could be faster than 
3-5-6-5-3 gait motion that is before proposed. 

5.1.4 2-4-2 gait motion (dynamic walk) 

  Furthermore, it is considered that a twin-frame 
walking robot can make a dynamic walk using an 
active CG control with 2,4,2 points contact sequence. 
In this gait, only two contact points of each frame are 
used, and the gait motion is like a pace or bound gait 
of quadruped. 

5.2 For constructing biped 

  Since using the partial leg exchange motion, the 
supporting area is not overlapped. Therefore, 
supporting area can be taken some distance and 
produced separately each other. This state is equal to 
bipedal walking style. The walking motion shown in 
Fig. 4 is obviously one type of bipedal walking 
motion with static balance. This means that the biped 
that is a twin-frame type structure can be constructed 
with only 6-DOF taking the strategy as a partial leg 
exchange motion. This result suggests that the biped, 
that seems to be necessary of 12 DOF for walking 
any direction, can be constructed by only 6-DOF. 
  Therefore, this proposal moving method is efficient 
as a constructing technique for walking robot with 
reduced degrees of freedom. 

6.  Conclusions 

  In this paper, the partial leg exchange motion 
which produces the CG actuation in leg exchange 
phase is proposed. As using this proposal method 
ParaWalker-II, that is the twin-frame walking robot 
that frames are connected by 6-DOF mechanism, is 
achieved CG transition in leg exchange phase that 
seems to be difficult, maximum strides with keeping 
stability and smooth CG motion. And this proposal 
method is verified through the walking experiment. 

As a future work the dynamic walk in our proposal 
partial leg exchange motions will be applied to the 
ParaWalker-II. 
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Abstract

In our previous paper, we made clear the principle
of the cat-turning motion and realized the cat-turning
by a robot. The robot can control three dimensional
(3D) posture using cat-turning motion. It utilizes dou-
ble cat-turning motion in order to conduct 3D posture
change. This paper describes the principle of 3D pos-
ture control using double cat-turning motion and sim-
ulation result.

1. Introduction

Recently, many researches and developments of the
space structure have been carrying out. Especially,
its posture control is regarded as one of most impor-
tant topics. However, in order to control the posture
of space structure in the space, most of them need a
lot of energy, such as the solid fuel, the nuclear fuel,
the solar sell and so on. We consider that an innova-
tive posture control with little energy will be required
to create a new space generation in 21st century.
In this study, we conduct the development of a 3 di-
mensional (3D) cat-turning robot, which can control
its posture by using its own internal power. When a
cat falls upside down in the air, it turns its own body
and makes a perfect landing. We apply such a cat-
turning motion to the posture control of space struc-
ture without a lot of energy.
Firstly, we propose the 3D posture conversion method
using the cat-turn motion in this paper. Secondly, the
mechanism of the developed 3D cat-turning robot and
the methodology of its posture control are described.
Finally, by simulation and experimental results, it is
shown that the proposed posture control method is
very useful.

2. The Cat-Turn Motion

We made clear the principle of cat-turn motion. When
a cat falls upside down in the air, as shown in Fig 1.
When a cat starts to fall, its initial angular momen-
tum is zero. (2) A cat bends over, (3) and twists both

Figure 1: Conceptual image of Cat-Turning mo-
tion

of upper and lower bodies around each central pivot.
(4) It revolves on an axis, which links two centers of
gravity of the upper and lower bodies. (5) Then, it
makes a perfect landing from its paws.
This motion is explained by the following equation
based on the law of conservation of angular momen-
tum.

Ir · !r + Is · !s · sin � = 0 (1)

Ir, !r : Internal moment and angular verocity
around the Z r axis.

Is, !s : Internal moment and angular verocity around
the Z s axis.

� : The angle across the upper and lower body.

Where, the first term in the left side is an angler mo-
mentum around the Z r axis, and the second term is
one around the Z s axis generated by twisting upper
and lower bodies. The right side is constantly zero.
This equation shows that the body rotates around the
Z r axis, because removing angler momentum around
the Z s axis generates an angler momentum around the
Z r axis.

1



Figure 2: Mechanism of the Cat-Turning robot

3. Development of Cat-Turning
Robot

3.1. 2 Dimensional Cat-Turning Robot

In 1991, we conducted the development of a 2 dimen-
sional (2D) cat-turning robot based on cat-turning
motion, which was the fastest development in the
world.[1][2] This robot has two links, which emulate
upper and lower body of a cat. A link consists of
four pneumatic actuators, as artificial rubber mus-
cles, which emulate two pairs of antagonist muscles
as shown in Fig.2. And a backbone type joint connect
two links.
We succeeded to control 2D posture of the developed
robot without a lot of energy, based on the principle
of cat-turning motion as shown in Eq.(1).

3.2. Development 3D Cat-Turin Robot

In order to realize 3D posture control of the robot, we
develop a 3D cat-turning robot as shown in Fig.(3).
This robot is achieved by four links, which are basi-
cally equipped every 90 degrees on a joint base in the
identical 2D plane. Three gyro sensors mounted on a
joint base detect three eulerian angles of each links to
recognize 3D posture of the robot.
Each of links, which has same mechanism of a link of
2D cat-turning robot, can rotate around a joint base.
Then the robot can take two patterns of 2D cat-turning
robot as shown in Fig.(4). Therefore, it can revolve
around two axes, which lay at right angle each other,
and realize 3D rotation in the air. Moreover, the robot
needs little energy by using this 3D posture control
based on cat-turning motion, because of the law of
conservation of angular momentum.

Figure 3: The development 3D Cat-Turning robot

4. Methodology of 3D Posture Con-
trol

To control the posture, we have to control the link’s
angle and the base’s three eulerian angles. There are
three gyro sensors in one leg, the total sum are twelve
in this robot. So we can detect the link’s angles in the
air, and calculate the base’s eulerian angles by mea-
surement of gyro sensors. The joint between base and
link, there are four wires connecting the artificial rub-
ber muscle actuators. So the link’s angle (�r) is con-
trolled by the wire’s length (∆l), as shown in Eq.(2).

∆l = 2 r�r (2)

∆l : Variation of wire length
r : Wire length between bottom and center of wire

�r : Reference angle

And the ∆ l is controlled by the difference of respective
internal pressure of artificial rubber muscle actuators
(∆P ), there is the linear relation as shown in Eq.(3).

∆l = 2 rK∆P K : Constant (3)

The ∆P is detected by strain type pressure sensors
at every sampling time. Therefore, we can control the
�r by controlling the ∆P as shown in Eq.(4).

�r = K∆P (4)

And we use the 16 bit PC for the controller, and control
program is written by C language.



Figure 4: Conceptual image of 3D Cat-Turning
robot

Figure 5: 3D Cat-turning model

5. Computer Simulation

To evaluate the characteristic motion, we make the
simulation for that robot model, as shown in Fig.(5).

We enable to check the cat-turning motion and eval-
uate the effect of the system parameter for the simula-
tion. To assess the cat-turning motion, we define the
rate TR (Turning Rate) for the cat-turning motion
shown in Eq.(5).

TR = 1 −
2Iaxcos� + Ibx + 4 m ad 2

4Iaxcos2� + 4 Iaysin2� + Ibx + 4 mamb
4 ma+mb

L2 + 4 m ad 2

L = ra(1 − cos� ) +
la
2

sin� (5)

Iax : Internal moment around the center of link.

Iay : Internal moment around the axis vertical of the
center of link.

Ibx : Internal moment around the center of joint.
m a : mass of a link. m b : mass of a joint bace.

d : radius of joint bace.
ra : radius of link. la : length of link.

For this simulation, we check the cat-turning mo-
tion. Fig.( 6) is 3D stereo-pair of the motion. And
we confirm the effect of parameters, TR is gradually
much big in those conditions,

• Less small the radius of body m b (shown in Fig.(
5)).

• Less short between the gravitational point of
body and the central pivot of the leg d .

• Much long the length of leg la.

• Much big the angle across the body and leg theta .

And the TR is about 0.23 in our developed robot.

6. Experimental Results

The experiment by a robot requires recreation of zero
gravity condition in the robot. To substitute that con-
dition, we need to provide the holonomic constrains
force, which magnitude is equal but direction is op-
posite to the gravitation. Given that constrains force,
the robot needs to fall down or be push up by the air.
But for that experiment needs very big devices, and
it is very difficult to gain the reproducibility. So we
didn’t experiment in that condition.
In our experiment, we hang up the robot by wire at
the gravity center of body. Because we can check con-
trollability of the motion in this position. In this ex-
periment, we confirm that developed robot is enables
to moving the legs along a two axes. Performing final
time is about one second. In Fig.(7),(8), � � are body’s
eulerian angles measured by gyro sensors. Because of
the constraints from the wire, it cannot change the
body posture perfectly to cat-turning motion, we con-
firm to realize its motion.

7. Conclusion

We reach these conclusions for this report.

• The cat-turning motion is very effective to control
the posture by using only internal power, in not
only 2-dimensions but also 3-dimensions.

• It is possible in 3-dimensions to exchange one
mechanism and axis using cat-turning motion,
and it is very effective because the mechanism
is much simple than having two axes.

• The joint modeled vertebrate’s backbone is very
effective by cat-turning motion. And it enables to
exchange the axis for same mechanism, it is much
simple than having two axes.



Figure 6: The results of simulation (3D stereo-
pair)

• Using three gyro censers, easily we can detect the
3-dimension posture.

This study, we develop the 3 dimensional cat-
turning robot which can control its posture by using
its own internal power in the zero gravity. Next study,
we evolve this motion, and interlace other motion and
mechanism. And we hope to develop much effective
mechanism which can control its posture in the any 3
dimensional situations.
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Abstract 
Development of Quadruped Robot which has a 

high mobility performance provides a significant 
challenge to the robotics engineer.  MEL HORSE II 
is aimed to be such an experimental robot consisting 
a mechanism for high mobility.   

Using the front part of MEL HORSE II, a biped 
robot could be also developed; it is named MEL 
Deinonychus II. The characteristic of this robot is that 
it is equipped with oblong fuselage like as cursorial 
dinosaurs. In this paper, RHC (Receding Horizon 
Control) is applied into biped ZMP (Zero Moment 
Point) control. 

 
1. Introduction 

In the case of quadruped robot, Fig.1 shows reptile 
type and mammal type. Many studies about 
quadruped robots had been done. Both types have 
their own advantages. It is depend on the purposed 
application. If the robot is designed for a construction 
robot which works on rough terrain, the quadruped 
reptile type is more advantageous than mammal type. 
It has the static stability at holding a posture. Reptile 
type has the advantage in use to move heavy weight 
at low speed and low consumption. It is like as truck 
in automobile field. 

However, mammal type has the other advantage. It 
is the fast mobility with long stride and high 
frequency at any cost. It is like as sports car in 
automobile field. Studies of this type is few, the study 
of MEL HORSE is aimed to this type. In this paper, 
LFD idea, V/H ratio as its measurement of this idea, 
simulations, high mobility gait are mentioned. 

 
Fig.1 mammal type and reptile type in quadruped 
 
On the other hand, many studies about humanoid 
(biped) robot are focused recently.  One of the 
problems about these robots is how to control it and 
how to generate reference leg trajectory. These 

problems baffle almost designer of legged robots.  In 
this paper, RHC (Receding Horizon Control) is 
applied onto control biped robot MEL Deinonychus 
II. 
 
2. MEL HORSE II 
2.1 MEL HORSE II 

A legged machine named “MEL HORSE” had 
been developed. MEL HORSE is a quadruped 
machine and has distinct leg-function between 
forefeet and hind-feet. The forefeet have the gravity 
support function and the hind-feet have the 
generating forward force function. Such distinction of 
the functions is made by simple counter balance 
mechanism. Using counter balance, the center of 
gravity is assigned around front part of the body. 
Simply it makes the distinct distribution of the leg 
functions. 

Each aluminum pipe frame supports the structure. 
Aluminum-Duralumin material is adopted at many 
parts for lightweight. Front part 8.4kg, rear part 
6.0kg,fuserage 2.8kg, these are achieved to be lighter 
weight than MEL HORSE I.  Body size 800 * 600 * 
250mm.  LFD (Leg Functions Distribution) makes 
main idea of MEL HORSE II mechanism.  Linear 
mechanism using ball screw actuates each rotational 
joint.  Power of the each servomotor is 190W. 

        
Fig.2.1 MEL HORSE II and MEL Deinonychus II 

 
RT-Linux is adopted for real-time OS.  This PC 
UNIX machine includes interface board “RIF-01”. 
Encoders at each joint of MEL HORSE II output 
(2000 pls/r) into up/down counter in RIF-01.  

 
2.2 LFD 
The functions required for a leg are discerned 

gravitational support function and generating forward 



 

 

force function.  Previous legged robot has leg 
combined with these 2 functions, particularly biped 
robot. 

 
Fig.2.2.1 Leg functions 

  Quadruped robot has redundancy in number of legs, 
could be there advanced use of legs for these 
functions?  LFD (Leg Functions Distribution) idea 
solute this problem. .  This idea is simply realized by 
counter balance mechanism.  Fig.2.2.2 shows this 
idea. The C.G. (centre of gravity) is assigned at front 
part of the body, and forefeet mainly cover 
gravitational support function, hind-feet mainly 
covers generating forward force function. 

 
Fig.2.2.2 LFD2.3 Leg posture using DME 

In this chapter, numerical analysis using DME 
(Dynamic Manipulability Ellipsoid) is described. In 
an analysis of manipulator DME is popular and useful 
tool, and it is also useful to evaluate LFD. DME is 
more effective than ME (Manipulability Ellipsoid) 
because that ME does not include model dynamics. 
DME is more effective for fast, frequent motion like 
as leg motion.  State space equation of motion is 
described as; 
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Θ :Joint vecor, τ :joint torque vector, M:Inertial 
matrix, V:centrifugal force, coriolis force term, 
G:gravity term 
Velocity at the tip of the leg v and joint angle 
velocity Θ&  are related as; 

ΘΘ= &)(Jv  (2) 
 J is jacobian matrix. Derivate both side, 
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From equation (1) and (3), 
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+J is pseudo inverse of J. Here, 
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And equation (4) is; 
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DME describes the maximum joint torques maxiτ  as 
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and then, 
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Inertial matrix used in simulation is; 
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Centrifugal force and Coriolis force term is; 
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Gravitational term is; 
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2.4 V/H ratio 
In this chapter, V/H ratio (Vertical/Horizontal Ratio) 
is proposed as index of LFD. From LFD idea, 
vertical force is maximized in gravitational support 
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Gravity 
support 

Forward 
force 

Fulcrum 



 

 

function and horizontal force is maximized in 
generating forward force function as possible. V/H 
ratio measures this fact. V/H ratio describes what the 
part of the major axis of the ellipsoid could 
contribute into vertical direction or horizontal 
direction. 

V/Hx ratio is the proportion between the length of 
the major axis and the length projected from the 
length of the ellipsoid along X axis onto the major 
axis (Fig.2.4.1).  

V/Hz ratio is the proportion between the length of 
the major axis and the length projected from the 
length of the ellipsoid along Z axis onto the major 
axis (Fig.2.4.1).  

αcosXH
V

x
=                                                    (19) 

αsinZH
V

z
=                                          (20) 

For example, V/H ratio does not indicate good value 
at Fig.3.3.  

 
Fig2.4.1 V/H ratio 

 
Fig.2.4.2 Negative example 

2.5 Numerical Simulation 
From Fig2.5.2.1 to Fig2.5.5.2 shows numerical 
simulation results. Parameters are shown in table2.1. 
Case1 is 21 ll < ,Case2 is 21 ll > ,Case3 is 21 ll = . 

To define maximum moving velocity, fluid number is 
adopted. A virtual leg is assumed for whole the robot. The 
height of C.G. is defined as r; 

mgr
mv2

             (21) 

 luid number is proportion between gravity 
acceleration and centrifugal force at its speed. The 
maximum moving velocity is assigned at fluid 
number = 1. In the case of )(5.0 mr = , 
vmax=2.23(m/s), if the robot accelerate than this 
speed, then the body is posed.  
Case(1) : Fig2.5.2.1,Fig2.5.2.2 shows the ellipsoids. 
V means horizontal moving velocity. In this case, v= 
2(m/s). Fig2.5.2.2 shows the case that maxτ =10(Nm).  
The direction of the major axis is not uniformed.  
Case(2): Fig2.5.3.1,Fig2.5.3.2shows ellipsoids. In the 
case that the second link is shorter than first link, 
particularly Fig2.5.3.2, the ellipsoid is slender, and it 
is no use for both leg functions. 
Case(3): Fig2.5.4.1,Fig2.5.4.2,Fig2.5.4.3,Fig2.5.4.4 
shows ellipsoids. In the case that maxτ =10(Nm), the 
direction of the major axis is relatively uniformed.  
Altogether, in the area which x < 0 and z < 0, the 
ellipsoids are adapted for generate vertical 
acceleration.  In the area which x > 0 and z < 0, the 
ellipsoids are adapted for generate horizontal 
acceleration.  
  When value of maxτ is large value, the ellipsoid is 
slender, then the direction of the ellipsoid is 
important factor. This means that LFD is important 
for a robot equipped with large torque actuators.  

Fig. 2.5.5.1,Fig. 2.5.5.2 shows V/H ratio about case 
(3). The postures adapted for vertical acceleration and 
horizontal acceleration are distinctive. In Fig2.5.5.1, 
the posture adapted for V/Hx ratio aims generating 
forward force function. In Fig2.5.5.2, the posture 
adapted for V/Hz ratio aims gravitation l support 
function. 

Fig.2.5.1 Definition of Fluid Numb
Table 2.1  parameters of 2 lin

m1=1.0 kg m1=1.0 kg m1=

m2=1.0 kg m2=1.0 kg m2=

l1=0.125 m l1=0.375m l1=0
l1c=0.0625 m l1c=0.1875m l1c=0

l2=0.375 m l2=0.125 m l2=0
l2c=0.1875 m l2c=0.0625m l2c=0

case1 case2 ca
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Fig2.5.2.1 Case1 V=2(m/s), maxτ =1(Nm) 
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Fig2.5.2.2  Case1  V=2(m/s), maxτ =10(Nm) 
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Fig2.5.3.1 Case2,V=2(m/s), maxτ =1(Nm) 
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Fig2.5.3.2  Case2 ,V=2(m/s), maxτ =10(Nm) 
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Fig2.5.4.4 Case3 ,V=0
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Fig.2.5.5.1 V/Hx Ratio Case3, V=2(m/s), 

maxτ =10(Nm) 
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Fig.3.2   1st beat 

(Phase II) At the moment of touch down like as 
Fig.3.3, the overturn moment forward rise because of 
decelerate force.  At this time, if the tip of hind-feet 
return to front part of the body, then frequent legs 
motion is available. Ideally, the momentum between 
these 2 phases is conserved, it is supposed that this 
motion can be executed without spring mechanism. 
Off course, the performance of the motion upgrades. 
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Generally, the definition of ZMP is described as, 

xzmp
m g z x m x z
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= =
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0
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For brief, these are represented as, 

xzmp
g z x zx
g z= + −

+
( &&) &&

&&    (24) 

If z is constant value and 0=z&& ,then, 

xzmp
gx href x

g=
− &&

    (25) 

In the most ordinarily used ZMP control, the height is 
not able to solve for x axis and z axis simultaneously.  
It is not able to solve by one on one, then the height 
of “z” is assumed as a constant.  If the reference of 
ZMP value is larger than real ZMP value, then x&&  is 
accelerated into forward.  If the reference of ZMP 
value is smaller than real ZMP value, then x&&  is 
decelerated.  Thus it is available to control ZMP by 
most recently used method. However, this control is 
not innate, it is dependence of  solution on 
extemporaneous technique. 

Fig.4
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 The system has to fol
+−−+− )()( zgxzg zmpref &&&&

   

 In this equation, the second and 3rd term are 
described as ZMP * )( zg &&+−  state. And we have the 
Hamiltonian, 

)](),([)](),([ **
2

***
1

* tutxftutxfLH ρλ ++=     (28) 
Where, we have to consider the performance index 
moving on τ time axis. “*” means that it is on the 
τ time axis[12]. 

∫
+
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 The solution is derived from TPBVP(Two Point 
Boundary Value Problem) bellow,  

 
Fig.4.4 ZMP control by RHC 
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¼~¶u½ } ÎWÍ�»�÷u¶u½
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Å~ÆÀ�Ç�»$·�¶�Ò�ºHÀ ( Ö4åx*_¼~Ì4Ì:ÅoÉ.ÒuË¿·¹ÂpÇu»4Â_À�Ç�»*·�¶uÌ:Á�»4¼oÂp»Å~ÆÀ�Ç�»
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Ù�Æ�À�Ç�»XÉª¼hÀ�Á�·&% ' ·¹ÂVÆ©º�Ë�ËuÌ:ÅoË¿º�É%¶.Á�¼~¶�ÈÚÎ�À�Ç�»Xºu¶�·�¸bº�»4¶�»4Â�Â
Å~ÆÛÀ�Ç�»ÂpÅoË¿º�À�·�Å~¶Ð·¹Â�Ã~ºu¼~Á�¼~¶oÀ�»�»m½ÛØò_Çu»BÂ�Å~Ë�ºHÀ�·�Å~¶�Å|Æ ( ÖhöT*
·¹Â_Ã~·�Ñ~»4¶¥¼oÂ

,��p ,� ; k«ÿ ( ��pÈ� ; *$.!r
¼~¶u½.Í�»_÷u¶�½.À�Çu¼|À\À�Ç�»BÌ:Å~¶bÀ�Á�ÅoË¿Ë�»�ÁV»�¶�Âpº�Á�»4Â�À�Ç�»6Ì�Å~¶LÑ~»4Ápã
Ão»�¶uÌ�»8Å~ÆVÀ�Ç�»*Ì�Å~¶bÀ�Á�Å~Ë�Ë�»4½¥ÂfÀ�¼hÀ�»)Ño»4Ì:À�Å~Á_À�ÅªÀ�Çu»$½H»4Â�·¿Á�»4½
Ñh¼|Ë�º�» ( ��p <=�:;2*:Ø	jTÂp»�ÀJÅ|ÆHéfÅo·¿¶bÀ_¼|¶�ÃoË¿»mÂ�ÍXÇ�·¹Ì�ÇÐÂ�¼|Àpã
·¹Âf÷�»4Â Ø2ÙxJÊÚ ' Ü 5 (¸' ·�Â¶�Å~À�Æ©º�Ë�Ë�Ì:ÅoË¿ºuÉ.¶�Á�¼~¶�Èt*ÛÉ%»4¼~¶uÂ
À�Ç�».Â�·�¶�Ã~º�Ë¹¼|ÁÌ:Åo¶H÷uÃoº�Á�¼|À�·�Å~¶WÎ�Æ©ÅoÁB»9%H¼~É%Ò�Ë¿»%¼¥ÂfÀ�Á�¼~·¿ÃoÇoÀ
Ë�·¿¶u» ( W g .!rt@`i	.úÖ@\Z9Z\Zu@ J p¬ÖÔ*¦Ø
�_± � ��IoE � A ý � IbCp[JPÐ�6N�I � R�GJP��ÜPBCFE�I
ôl»:À)ºuÂ·�¶oÀ�Á�ÅH½Hº�Ì:».À�Ç�»ªÌ�Å~¶uÌ�»�ÒHÀ)Å|Æ�º�¶�·¿À�Â4Ø%üÄ»=½H»�÷u¶�»
À�Çu¼hÀ�¼8º�¶�·¿ÀV·¹ÂV¼�Æ©ºu¶u½�¼|É%»4¶oÀ�¼|ËH»4Ë¿»4É.»4¶bÀÆ©ÅoÁ�Ì:Å~¶�ÂfÀ�Á�ºuÌ:Àpã
·�¶�Ã)À�Ç�»BÁ�»4½�º�¶u½�¼~¶oÀ�Âp¶u¼~È~»�Á�Å~Ê�Å|ÀmØ�ò_Ç�»BÂ�»�Á�·�¼~Ë�Ì�Å~¶�¶�»mÌ¦ã
À�·¿Åo¶¨Å|Æ�º�¶�·¿Æ©Å~Á�É�º�¶�·¿À�Â)Ì�Å~¶uÂpÀ�Á�ºuÌ¦À�ÂB¼¥Â�¶u¼|Èo»�Á�Å~Ê�Å|À¼~Â
Â�Ç�ÅhÍX¶Ð·�¶�ø·¿Ã�Ø�åuØ

Unit

ø�·�ÃuØ�åÐç�Åo¶uÌ:»4ÒHÀXÅ|ÆVº�¶�·¿À6¼|¶u½ÐÀ�Å~À�¼|Ë�ÂpÏHÂpÀ�»�É

��������� �"!$#$%'&(%��"!)��*,+�!$%'&
ôl»:À)ºuÂ)·�¶bÀ�Á�ÅL½�ºuÌ:».Æ©Å~Ë�Ë�ÅhÍX·¿¶�ÃàÔ ¼~Â�ÂpºuÉ.Ò�À�·�Å~¶Þµ$Ö:×�ã.Ô ¼oÂfã
Â�º�É%ÒHÀ�·�Å~¶"µBíh×vØ
Ô ¼~Â�ÂpºuÉ.Ò�À�·�Å~¶¨µ*Ö:×-Æ
jZÌ:Å~¶u¶�»4Ì:À�»4½ªéfÅ~·�¶oÀÅ|Æ�ÀfÍ�ÅÐºu¶�·�À�Â
·¹Â_Òu¼~Â�Â�·¿Ño»~Ø
Ô ¼~Â�ÂpºuÉ.Ò�À�·�Å~¶=µBáh×ÍÆ�ò_Ç�»BÇ�»4¼o½%Ë¿·�¶�È%Å|Æl¼)ºu¶�·�À�·�Â�ÍXÇ�»4»�Ë
Æ©Á�»�»oØ



Ô ¼~Â�Â�º�É%ÒHÀ�·�Å~¶êµ6ä|×)Æ!ò_Ç�»"À�¼~·¿ËXË�·�¶�ÈìÅ~Æ¼�º�¶�·¿À=·¹Â%À�Ç�»
ÍXÇu»�»�Ë�»4½¥Ë�·¿¶uÈ�Ø
Ô ¼~Â�Â�º�É%ÒHÀ�·�Å~¶*µ6å|×+Ælò_Ç�»�Ë¿·�¶�ÈÍXÇ�·¹Ì�Ç$·¹Âl·�¶bÀ�Á�ÅL½�ºuÌ:»m½À�Ç�»
Â�Çu¼~Ò�»$Ì�Å~¶bÀ�Á�Å~Ë�Ë�¼~Ê�Ë�»BÒ�Å~·�¶bÀ_·�¶�¼|¶"º�¶�·¿À�·¹Â_ÍXÇ�»�»4ËÛÆ©Á�»4»~Ø
Ô ¼~Â�Â�º�É%ÒHÀ�·�Å~¶ÞµBíh×-Æ)ò_Ç�»%Òu¼oÂ�Â�·�Ñ~»�éfÅo·¿¶bÀ)·¹Â»4¸bº�·�Ñ�¼~Ë¿»4¶bÀ
À�Å%À�Ç�»$Â�Çu¼~Ò�»)Ì:Åo¶bÀ�Á�Å~Ë�Ë�¼~Ê�Ë¿»8Ò�Å~·�¶oÀmØ
ò_Ç�»§¼oÂ�Â�º�É%ÒHÀ�·�Å~¶ëµ*ÖàÉ.»m¼|¶uÂ¥À�Çu¼hÀ¨¼¯Ì�Å~¶�¶u»4Ì¦À�·¿Åo¶

Ò�Å~·�¶bÀ\Å|Æ�º�¶�·¿À�Â�·¹Â�¼BÆ©Á�»4»�éfÅo·¿¶bÀmØò_Ç�»X¼oÂ�Â�º�É%ÒHÀ�·�Å~¶.·¹Â�¼~Ì¦ã
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Åo¶ì¼¨Ì�Å~¶�¶u»4Ì¦À�»4½àÒ�Å~·�¶bÀ�Å~Æ6º�¶�·¿À�Â4Ø�ò_Çu»�¼~Â�Â�º�É%ÒHÀ�·�Å~¶uÂ
µ8á�ãFµBí$Æ©Å~Á_À�Ç�»º�¶�·¿À6¼|Á�»BÁ�»�Ë¹¼hÀ�»4½ªÀ�Å.À�Ç�»)¼~Â�Â�º�É%ÒHÀ�·�Å~¶uÂ
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Ë�·�¶�ÈHÂ J - ¼|¶�½ÕÀ�Ç�»Ü¶Lº�É�Ê�»4ÁàÅ|Æ¥À�Ç�»ÜÍXÇu»�»�Ë�»4½ZË�·¿¶uÈLÂK - ¼~¶u½�½H»�÷u¶�»0/LP 4�1 ( J - @�K - *X¼~ÂXÀ�Ç�»)ÀfÏLÒ�»$Å|Æ�º�¶u·�À�Â�Ø
øuÁ�ÅoÉÕÀ�Ç�»6¼oÂ�Â�º�É%ÒHÀ�·�Å~¶�Â\µBá)¼~¶u½%µ6ä)Í�»X÷u¶�½.À�Çu¼|À\À�Ç�»/{P 4�1 ( J - @�K - *Ðº�¶�·¿À�Çu¼oÂ ��2Q^+d(3 ~ 2x^ X�½�·4Ú»�Á�»�¶bÀÐÆ©ÅoÁpãÉª¼|À�·�Å~¶uÂ4Ø±�»9%LÀ"Í�»Ä½�·�Â�Ì:ºuÂ�Â�À�Ç�»�É%·¿¶u·¿É�º�É7º�¶�·¿À�Â4ØýâL»�ÀpÀ�·¿¶�ÃÚ .ðÖ·¿¶ ( Ö Å *�Ã~·�Ñ~»mÂ

ä{k«¼ - æ�K - Ü ( J.- p¬ÖÔ*�pb¼ - ( áTrx*
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ÊbÏ
Ì:Åo¶�¶�»4Ì:À�·�Å~¶WØ
áHØ¬ò_Ç�»,/LP 4"1 ( ñt@�äx*�·�Â\À�Ç�»�É%·�¶�·�É*º�ÉDº�¶�·¿À�ÍXÇu·�Ì�Ç=Ì4¼|¶
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º�¶�·¿À8·¿À�Â�»�Ë¿Æ�·¹Â6À�Ç�»%Á�»4½Hº�¶�½�¼|¶uÌ�Ï�Ì:Å~¶bÀ�Á�ÅoË¿Ë¹¼|Ê�Ë�»*¼~¶u½!Çu¼oÂ
¼%ÂpÇu¼~Ò�»)Ì�Å~¶bÀ�Á�Å~Ë�Ë�¼~Ê�Ë�»BÒ�Å~·�¶bÀ�·¿¶¥À�Çu»)º�¶�·¿À�·�À�Âp»4Ë�ÆfØ
øuÁ�ÅoÉúÀ�Ç�»�Â�»4Ì�Å~¶u½*·¿¶u»4¸bºu¼|Ë�·¿ÀfÏ)Å|ÆuÀ�Ç�»�Ì:Åo¶u½H·¿À�·�Å~¶ ( Ö ¾ *

Í�»ÅoÊHÀ�¼~·¿¶

¼ - Ü J.- pÏK - p¾Ö
¼|¶u½¾Í�»"÷u¶u½¾À�Ç�»�Éª¼T%L·�É*ºuÉ<¶Lº�É*Ê�»�ÁªÅ~ÆBÀ�Ç�»!Â�Çu¼|Ò�»
Ì:Åo¶oÀ�Á�ÅoË¿Ë¹¼|ÊuË¿»\Ò�Å~·�¶bÀ�ÂÍXÇ�·¹Ì�Ç*Ì�¼~¶*Ê�»�·�¶u½HÁ�ÅH½HºuÌ�»4½)·�¶*Åo¶�»
º�¶�·¿À�·¹Â J - p|K - p¯áHØ�Ù�Æ�Í�»�Â�»:Àª¼ - . J - p|K - p
á:àÌr�Î�À�Çu»*÷uÁ�ÂpÀB·�¶�»4¸bºu¼~Ë¿·¿ÀfÏ�Å~Æ\À�Çu»�Ì:Åo¶u½H·¿À�·�Å~¶ ( Ö ¾ *X·¹Â
Á�»4ÍXÁ�·¿ÀpÀ�»�¶"¼~Â

áTK - k¯Ö�à J.- k áÚ s ( á~áQ*
ç�Å~É�Ê�·¿¶u·¿¶�Ã�¼ - à�r%¼|¶u½ ( áoá*�ÏL·¿»4Ë�½uÂK - k¾áªæ J - ÜêáÛK - kÜÖs ( á|äx*
±6»u%LÀ"Í�»�½H·�Â�Ì:º�Â�Â�À�Çu»�Ì�Çu¼~Á�¼oÌ¦À�»�Á�·�ÂpÀ�·¹Ì�Å|Æ*À�Ç�»ÞÂpÏHÂpã

À�»4É ÍXÇ�·�Ì�Ç ·�Â Ì:Åo¶uÂfÀ�Á�º�Ì¦À�»m½3ÊLÏ3Ì:Å~¶u¶�»4Ì:À�·�¶�Ã,À�Ç�»/LP 4"1 ( J.- @`K - *\º�¶�·¿À�Â�º�¶u½H»4ÁJÀ�Ç�»¼~Â�Âpº�É%ÒHÀ�·¿Åo¶%À�Çu¼|À�Í�»
·¿¶bÀ�Á�ÅH½HºuÌ�»XÀ�Çu»BÉª¼Û%H·�É*º�ÉD¶Lº�É�Ê�»4ÁJÅ|ÆÛÀ�Ç�»ÂpÇu¼~Ò�»8Ì:Åo¶Hã
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Abstract

This paper discusses an autonomous locomotion control
of a snake-like robot which consists of multiple links with
passive wheels and active joints. Such a robot has quite dif-
ferent mechanism in locomotion from that of other locomo-
tion systems. Since the robot has no driving wheel, the lo-
comotability depends on its posture. Thus we utilize a no-
tion of dynamic manipulability to evaluate the locomotability
with consideration of the side force wheels. We also propose
control method of locomotion control based on this manipu-
lability. Simulation results show a certain periodic winding
motion is automatically generated.

1. Introduction

This paper discusses an autonomous locomotion con-
trol of a snake-like articulated robot. Such a robot has
been attracted attention of many researchers for capa-
bility of multiple functions such as grasping and loco-
motion by varying its shape. Particularly, the mecha-
nism of locomotion is quite different from that of other
mobile robots, that is to say, the robot has no driv-
ing wheel. There have been proposed several kinds of
snake-like robots [3, 4, 5, 7, 9], and this research deals
with one of them, an articulated robot with an actuator
in each joint and a passive wheel in the middle of each
link[7]. It is assumed that the wheels does not sideslip.
In some appropriate postures, the robot can locomote
using the constraining force of wheels against sideslip
arising from actuating the joints. On the contrary, there
exists singular postures in which the robot cannot move
in some direction. Straight shape or single arc shape is
known to be singular postures. Hence the locomotabil-
ity of the robot largely depends on its posture and it is
important to keep some suitable posture to control the
locomotion.

Hirose suggested that actuating the joints with sinu-
soidal inputs generates typical winding motion of natu-
ral snakes [3]. A trace of such winding motion is called
a serpenoid curve. He developed multi-link robots and
applied some control based on the serpenoid curve. In
this method, though singular postures can always be

avoided, the gait of the robot is fixed beforehand and
exact control of the position is difficult. On the con-
trary, Mita et al. proposed an autonomous locomotion
control of the head’s position based on Lyapnov func-
tion method [7]. In this method, winding motion is
generated autonomously in real time and exact position
control can be achieved. However, when the number of
links is large, amplitude of winding motion tends to de-
crease, namely, tends to have a singular posture. Hence
it is difficult to design a controller satisfying keeping
good posture and tracking to a desired trajectory.

Our control objective in this paper is to achieve
tracking to a desired trajectory avoiding singular pos-
tures without giving any gait beforehand. Since the
robot has no driving wheel, locomotability is largely
depends on the posture. Thus we utilize a notion of ma-
nipulability to evaluate the locomotability. Manipula-
bility is used for a manipulator to evaluate the movabil-
ity of the end effector [10]. Generally, manipulability
is yielded from the relation between the joint torques
and the acceleration of the end effector. However, in
the case of snake-like robot, such manipulability is not
always associated with actual locomotability. When
the number of links is large, zigzag winding shape is
associated with high manipulability, whereas the actual
locomotability is not so good because large amplitude
of constraining forces on the wheels are required for
locomotion. Then we consider another manipulability
for snake-like robot taking the side force on the wheels
into consideration. We propose a simple controller ca-
pable of trajectory tracking and avoiding singular pos-
ture using this manipulability. Simulation results show
that the robot spontaneously generates a suitable gait
avoiding singular posture.

2. Model of a Snake-Like Robot

In this research, we use ann-link model as a model of
snake-like robot [7] (Fig. 1). Each link has a passive
wheel which does not sideslip at the middle. Mass,
length, moment of inertia of each link arem, l, andJ ,
respectively, and the center of gravity is placed at the



middle of the link; (xF , yF ) and (xi, yi) denote po-
sition of the head and position of thei-th link respec-
tively; θi is orientation of thei-th link andφi is relative
angle of thei−1-th joint; Dxy andDθ are coefficients
of the friction of the translational and rotational mo-
tion, respectively, of the bottom of each wheel;Dφ is
the coefficient of the friction in each joint.

θ1, φ1

θ2

φ2

θ3

φ3

2l

x

y

(xF , yF )

(x1, y1)

(x2, y2)

(x3, y3)

Figure 1:n-link model

2.1. Equation of Motion

Since derivation of equation of motion has previously
been shown in the reference [7] in detail, only essen-
tial equations are shown. We first ignore the constraint
of wheels. Then the equation of motion is similar to
that of ann-link manipulator with the exception that
no joint nor link is fixed on a base as

M(θ)q̈ + C(θ̇, θ)θ̇ + D(θ)q̇ =
[

Eτ
0

]
, (1)

whereθ = [θ1, · · · , θn]T ∈ Rn, τ ∈ Rn−1 are joint
torques,q = [θ1, · · · , θn, xF , yF ]T ∈ Rn+2 are gen-
eralized coordinates,M ∈ Rn+2×n+2 is an inertia ma-
trix, C ∈ Rn+2×n is a centrifugal coefficient matrix,
andD ∈ Rn+2×n+2 is a frictional coefficient matrix.
E ∈ Rn×n−1 satisfiesθ = Eφ. Constraint of wheels
is expressed as

Aθθ̇ = Bθṙ (2)

Aθ =




−l 0 · · · 0
−2l cos(θ2 − θ1) −l · · · 0

...
. . .

...
−2l cos(θn − θ1) · · · · · · −l


 ∈ Rn×n

Bθ =




− sin θ1 cos θ1

...
...

− sin θn cos θn


 ∈ Rn×2,

and this equation yields Pfaffian non-holonomic con-
straint as

[
In −F (θ)

] [
θ̇
ṙ

]
= A(q)q̇ = 0 (3)

wherer = [xF , yF ]T is the position of the head and
F = −AθBθ is a function ofθ. The equation of
motion under such constraint[6] can be described by
adding a term of constraining forceA(q)Tλ to (1) as

M q̈ + Cθ̇+ Dq̇ +
[

In

−F T

]
λ =

[
Eτ
0

]
, (4)

whereλ ∈ Rn is the Lagrange’s multiplier. By multi-
plying

[
F T In

]
from the left side of (4), we obtain the

equation of the head’s motionr = [xF , yF ]T ,

M̃ r̈ + (C̃ + D̃)ṙ = F T Eτ (5)

M̃ = [F T I2]M
[

F
I2

]
∈ R2×2

C̃ = [F T I2]M
[

F
0

]
+ [F T I2]CF ∈ R2×2

D̃ = [F T I2]D
[

F
I2

]
.

The whole motion of the robot is represented in this
equation. (5) is a basic equation to discuss manipula-
bility of the snake-like robot.

3. Dynamic Manipulability

In this section, we first show a brief summary of dy-
namic manipulability used for a manipulator, and then
apply it to the snake-like robot. Motion ofn-d.o.f ma-
nipulator, generally, is given by

M(ψ)ψ̈ + h(ψ̇,ψ) + g(ψ) = τ , (6)

whereψ ∈ Rn andτ ∈ Rn denote joint angles, joint
torques as control inputs, respectively.M ∈ Rn×n

is the moment of inertia which is always nonsingular,



h ∈ Rn andg ∈ Rn is inertial force and gravity, re-
spectively. Kinematic constraint due to the joints is
expressed as

ṙ = J(ψ)ψ̇ (7)

r̈ = Jψ̈ + J̇ψ̇. (8)

Elimination ofψ̈ from (6) and (8), we have

r̈ = JM−1[τ − h − g] + J̇ψ̇. (9)

Normalizing the input by

τ = Nv (|vi| ≤ 1) (10)

N = diag(τimax − |hi − gi|), (11)

we obtain

r̈ = JM−1Nv + J̇ θ̇ (12)

as a relation of normalized inputv and the acceler-
ation of the end effector̈r. This implies that the
maximum acceleration is characterized by an ellipsoid
JM−1Nv (‖v‖ ≤ 1) as long asJ̇ψ̇ is relatively small.
This ellipsoid is called dynamic manipulability ellip-
soid [10]. The larger and the more similar to a sphere
the dynamic ellipsoid is, the higher the manipulabil-
ity is. There have been proposed several measures of
manipulability based on this dynamic manipulability
ellipsoid as follows:

• the ratio of the length of the ellipsoid’s minor axis
to that of the major [2]

• the volume of the ellipsoid [10]

• the length of the ellipsoid’s minor axis [1]

The choice of these measures varies according to what
information of the dynamic ellipsoid is required.

Next, we will apply the notion of manipulability
to the snake-like robot. The acceleration of the head
caused by the input torquesτ is yielded from (5) as

r̈ = M̃F T Eτ . (13)

The manipulability ellipsoid is characterized by singu-
lar valuesσ1 andσ2 of the matrixM̃F T E ∈ R2×n−1.
When the robot has a such shape that the acceleration
of head is large with small input torques, the manipula-
bility becomes high. However, zigzag winding shape is
associated with high manipulability with this definition
of manipulability. With large number of links, shape of
high manipulability tends to be straight, namely, the
singular posture. Under such posture, the side con-
straining force on each wheel against sideslip, which is
necessary for locomotion, is required to be very large
and non-slip assumption may be violated. Therefore,
we consider another definition of manipulability taking
the side constraining force into consideration.

3.1. Side Constraining Force on Wheels

The constraining force can be calculated from the La-
grange’s multiplierλ in (4). First we consider coordi-
natesui in direction perpendicular toi-th link. Virtual
displacement of each link without constraint of wheels
is expressed by

δu = Aθδθ + Bθδr (14)

whereδu = [δu1, · · · , δun]T , δθ, andδr are infinites-
imal displacements along eachui, θi, andr, respec-
tively. Let f = [f1, · · · , fn]T be the constraining
forces alongui axes respectively. Using principle of
virtual work, we have

f = (AT
θ )−1λ. (15)

The Lagrange’s multiplierλ can be calculated from (4)
and (5). Thus we finally obtain

f = Y (θ, ṙ) + X(θ)τ , (16)

where

Y = (AT
θ )−1

{
(M11F + M12)M̃−1[C̃ + D̃]

}

−M11Ḟ − (C1 + D11F − D12)ṙ ∈ Rn

X = (AT
θ )−1

{
In − (M11F + M12)M̃−1F T

}
E

∈ Rn×n−1.

This can be interpreted thatXτ is the side constraining
forces cased by input torquesτ andY is that cased by
centrifugal force or frictional force.

3.2. Manipulability of a Snake-Like Robot

Ordinary dynamic manipulability becomes high when
large acceleration of the head can be obtained with
small input torques. On the contrary, in this paper, we
consider another manipulability which becomes high
when large acceleration of the head can be obtained
with small side forces on wheels. From (16), side con-
straining force caused by input torquesτ is given by

Xτ = f − Y. (17)

In order to limit the input torques lest each side force
fi exceeds the maximumfimax, we consider a normal-
ized side forcêf (|f̂i| ≤ 1) and a matrix N such that

N = diag[fimax − |Yi|] i = 1, · · · , n (18)

whereYi is the i-th element of Y (Fig. 2). Notice
that the dimension of the side forcef is n whereas the



dimension of the input torquesτ is n − 1, namely, the
matrix X is not square. Hence limited input torqueτ̂
is expressed usingX+ , pseudo inverse ofX, as

τ̂ = X+N f̂ . (19)

f1

f2

f1max

f2max

Y
X �̂

Figure 2: Normalization of side force

The acceleration of the head caused byτ̂ is given by
(13) as

r̈ = M̃−1F T EX+N f̂ . (20)

When the normalized side forcêf is restricted in
a unit sphere, the acceleration of the headr̈ draws
an ellipsoidM̃−1F T EX+N f̂ (‖f̂‖ ≤ 1). We re-
gard this ellipsoid as the dynamic manipulability el-
lipsoid. The singular valuesσ1 andσ2 of the matrix
M̃−1F T EX+N characterize of the dynamic manip-
ulability ellipsoid and smaller oneσ2 is taken as the
measure of manipulability here.

Fig. 3-Fig. 6 show distributions of manipulability
with sinusoidal oscillation of each joint angleφi as

φi = a sin
(

ωt +
2πT

n
(i− 1)

)
(21)

wherea, ω, andT is the amplitude of oscillation, the
frequency, and period of undulation of the body shape.
Such curve is known to be a serpenoid curve proposed
by Hirose [3].

When the number of links is small, there are little
differences between the ordinary manipulability and
the proposed one (Fig. 3 and Fig. 4). In this case,
both the manipulability becomes high aroundT = 1,
where the body has winding shape of 1 period. On
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the contrary, in the case of 10-link, i.e., larger num-
ber of links, the proposed manipulability becomes high
aroundT = 1 while the ordinary manipulability is
high with larger valueT (Fig. 5 and Fig. 6). This
implies that the proposed manipulability may have es-
sential properties of winding motion of natural snakes.

4. Control of a Snake-Like Robot

The control objective is to achieve tracking to a line
avoiding singular posture. Therefore, we propose a
controller meeting the following demands.

1. The head of the robot follows a desired trajectory.

2. The posture of the robot should be kept with high
manipulability.

Only the position of the head is controlled because the
other dynamics is stable zero dynamics. Hence we set
two acceleration vectorsαt andαm of the head to sat-
isfy the preceding requirements (Fig. 7).αt is an ac-
celeration vector which make the current velocity of
the heaḋr follow a desired trajectory as

αt = k(vt − ṙ) (22)

wherek is a constant andvt (‖vt‖ = v) is a desired
velocity toward a desired trajectory.αm is an accel-
eration vector which improves the manipulability with
constant norm. This vector is searched by a computing.
Taking suitably weighed average of these two vectors,
the desired acceleration of the head is determined as

αnext = wtαt + wmαm (23)

wherewt andwm are design parameters.

vt
αnextαt

αmṙ

L x

Figure 7: Two acceleration of the head

The input torques which realizes the desired acceler-
ation can be computed from (5) as the inverse dynam-
ics of the head motion as

τ = (F T E)+
[
M̃αnext + C̃ ṙ + D̃ṙ

]
(24)

where(F T E)+ is the pseudo inverse ofF T E.

Fig. 8-Fig. 10 show the simulation results of track-
ing control to a desired line,x-axis, toward the positive
direction. The number of links is 10 and the desired
trajectory isx axis. Parameters are given by

m = 0.68[kg], l = 0.5[m], J = 5.8 × 10−3[kgm2],
Dxy = 1.0 × 10−3[kg/s], Dφ = 0, v = 0.35[m/s],

Dθ = 8.4 × 10−3[kgm2/s], fimax = 500[N]

Design parameters are set as

k = 1, wt = 1, wm = 0.3
‖ṙ‖
v

.

Fig. 8 and Fig. 9 show trace of the head and body
shape at a certain moment. Fig. 8 is the result of
tracking control based on the ordinary manipulability.
Notice that The amplitude of winding motion is very
small. (The vertical scale is magnified 5 times as large
as the horizontal scale.) On the contrary, large wind-
ing motion can be observed in the results of the control
based on the proposed manipulability (Fig. 9).
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Fig. 11 and Fig. 10 show time evolutions of Euclid
norm of input torque‖τ‖ and that of side force‖f‖.
The norm of input torque is not so different between
the ordinary manipulability and the proposed one (Fig.
10). However, the norm of side force in the case of
the ordinary manipulability is much larger than that of
the proposed manipulability (Fig. 11). From this, we
can observe that large winding motion, which can be



seen in the locomotion of natural snakes, saves the side
force of wheels.
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5. Conclusion

In this paper, dynamic manipulability for a snake-like
articulated robot was discussed. As a result, it turned
out that such posture that saves the side constraining
force on each wheel was associated with large winding
shape independent of the number of links. We pro-
posed a simple controller for an autonomous locomo-
tion capable of tracking to a desired trajectory using
the proposed manipulability.

Acknowledgement.

This work was supported in part by the Grant-in-Aid
for COE Research No.09CE2004 of the Ministry of
Education, Science, Sports and Culture, Japan.

References

[1] O. Khabit, 1985, “Dynamic optimazation in ma-
nipulator design: The operational space formula-
tion,” presented at the ASME Winter Meeting.

[2] K. Kosuge and K. Furuta, 1985, “Kinematic and
dynamic analysis of robot arm,”Proc. IEEE Int.
Conf. on Robotics and Automation, pp. 1039–
1044.

[3] S. Hirose, 1987,Biomechanical Engineering,
Kougyou Tyousa Kai.

[4] S. Hirose and A. Morishima, 1990, “Design and
Control of a Mobile Robot with an Articulated
Body,” The Int. Journal of Robotics Research,
Vol. 9, No. 2, pp. 99–114

[5] G. Migadis and J. Kyriakopoulos, 1997, “De-
sign and forward kinematic analysis of a robotic
snake,”IEEE Int. Conf. on Robotics and Automa-
tion, pp. 3493–3498.

[6] R.M. Murray, Z. Li, and S.S. Sastry, 1994,A
Mathematical Introduction to Robotic Manipula-
tion, CRC Press.

[7] P. Prautsch and T. Mita, 1999, “Control and Anal-
ysis of the Gait of Snake Robots,”IEEE Int. Conf.
on Conrol Applications, pp.502–507.

[8] M. Sampei and K. Furuta, 1988, “Robot control
in the neighborhood of singular points,”IEEE
Trans. on Robotics and Automation, Vol. 4, No. 3,
pp. 303–309.

[9] K. Sarrigeorgidis and K.J. Kyriakopoulos, 1998,
“Stabilization and trajectory tracking of a robotic
snake,”IEEE Int. Conf. on Robotics and Automa-
tion, pp. 2977–2981.

[10] T. Yoshikawa, 1983, “Analysis and control of ma-
nipulators with redundancy,”Proceedings of the
First Int. Symposium of Robotics Recearch, pp.
735–747.



Development and Running Control of a 3D Leg Robot

Takayuki IKEDA , Tetsuya TAMURA and Tsutomu MITA

Department of Control and Systems Engineering
Tokyo Institute of Technology

2-12-1, Ohokayama, Meguro-ku, Tokyo 152-0033, Japan
ikeda@ctrl.titech.ac.jp

Abstract

In this research work, we will develop a 3D biped which
simulates running motion of human. First, we will explain
the mechanism of our 3D biped (Runbot 2). Next, we will
show that the running motion pattern for the biped can be
approximated by solutions of second or first order differen-
tial equations. Then we will derive a control strategy of the
running biped which realizes these differential equations as
motion pattern. Simulation results suggest that a biped hav-
ing smooth running gait will be realized.

1. Introduction

In [1]-[3], we have developed three planar robots
(Runbot-A, Runbot-B and Runbot-C) and succeeded
to derive a control method such that they can run in the
two dimensional space. In this paper, we will develop
a control methodology of a biped which can run in the
three-dimensional space by extending the mechanism
and control of the previous results.

Static and dynamic walking have been realized
using different and unique techniques by many re-
searchers [4], [5], [6], [7], [8]. Several fundamental
ideas toward realizing walking robots have been pro-
posed in these research works. For example, the con-
cept of ZMP and control technique based on the in-
verted pendulum were examined to obtain a control
law which prevents turnover [4]. However, since the
walking motion and running motion are really different
from the viewpoint of speed and balancing, we think
that a running motions are not obtained by direct ap-
plications of the results in these research works.

In particular, it is well known that Raibert and his
group have created a running biped and quadruped us-
ing translated legs with spring action [9]. Although
their results were very excellent, we think that it is
not direct to switch the modes of the motions among
walk, run and jump smoothly. To realize a walking
robot moving supplely like living animals, we need to
build running robots using articular joints. However, it
is also difficult to extend and apply Raibert’s results to

running robots with articular joints since his result has
been derived depending upon several ideal conditions
of the mechanism, e.g, the leg motion does not affect
the motion of the body.

The main reasons of the difficulties are considered
to be the following: (1) The mechanism suitable for
running has not been well investigated. This includes
the actuation problem. (2) There is no effective control
theory for the robot which can run. Raibert’s results
may restrict mechanisms as mentioned above.

In this paper, as a basic research work toward creat-
ing running biped composed of all articular joints, we
will introduce our new running biped (Runbot 2) and
propose a method which potentially control its running
motion in 3D space. In order to simplify the control
systems design, we assume that the three-dimensional
movement of the biped can be decomposed into three
motions in sagittal, lateral and horizontal planes. As
the control strategy, the variable constraint control [1]
is introduced. In this control, the motion patterns
which the biped follows are described by differential
equations. Several simulation results show that we can
control Runbot 2.

2. Mechanism design and equation of
motion

We will deal with a running biped depicted in Fig.1.
Since direct analysis and design of the biped in 3D
space is too complicated, we will introduce a coor-
dination system shown in Fig.2 and assume that the
running motion of the robot can be decomposed into
three planar motions, i.e., motions in YOZ plane, XOZ
plane and XOY plane which are known as the sagittal-
plane, lateral-plane and horizontal-plane, respectively.
In reality, each motion may interfere. In this research
work, we will deal with such interference force as dis-
turbances added to the control loops and we expect that
they are controlled by our control strategy shown be-
low.



Figure 1: 3D biped robot

Figure 2: Axis and plains

2.1. Mechanism design of Runbot2

The three-dimensional biped Runbot2 (humanoid
type) shown in Fig.1 was developed in our research lab
this year. The configuration of the joints and actuators
are shown in Fig.1. Fig. 3 shows the variables of the
robot in the sagittal-plane; Fig. 4 and Fig.5 explain
those in the lataral-plane and horizontal-plane, respec-
tively. The overview of the designed Runbot2 is shown
in Fig. 6.

Figure 3: Sagital plane

The mechanism design has been done by taking the
following assumptions and conditions into considera-
tions.

[ 1 ] The motion in the sagittal-plane will be con-
trolled by eight actuators of the both legs.

[ 2 ] The motion in the lateral-plane will be con-
trolled by one waist actuator.

Figure 4: Lateral plane

Figure 5: Horizontal plane

Figure 6: Runbot2 (humanoid type)



[ 3 ] The motion in the horizontal-plane will be con-
trolled by one of the backbone actuator.

[ 4 ] The posture of the leg at the touchdown moment
is selected to obtain the best manipulability.

[ 5 ] The foot toe will contact the surface.

[ 6 ] The shoulders are added as redundant DOF’s.

The reason for the item [1] is that we will control the
four fundamental characteristic variables shown below
plus four joint angles of the swinging leg indepen-
dently, just the same as the previous work [1]

Since we think that the motions in lateral and hori-
zontal planes are not essential for the running, we have
simply introduced the items [2] and [3].

In another previous work [3], we found that the con-
cept of the manipulability of the leg posture at the
touchdown moment is very important to reduce the
magnitude of required force to keep running. This is
the reason for the item [4]. Such a care is never taken
for the mechanism introduced by Raibert.

The assumption in the item [5] makes the formula-
tion of the motion and real control easier. Runbot2 has
the force sensors at the foot toe to judge contact condi-
tion.

The shoulders in the item [6] are introduced for a
future work. In the current research, the actuators of
shoulders are not used.

2.2. The equation of motion of Runbot2

The motion in the saggital-plane will be described by
13 links and 12 joints as depicted in Fig. 3. The mo-
tion in the lateral-plane will be described by 2 link
and 1 joint as depicted in Fig. 4. The motion in the
horizontal-plane will be described by 2 link and 1 joint
as depicted in Fig. 5.

Supposing that the robot does not jump long and its
attitude can be recovered during the touchdown period,
we only deal with the touchdown phase which starts
from the landing of the toe and ends up with its lift-off.
In this interval, the toe is assumed to be fixed, and the
tip of foot and the absolute angle of the foot are kept
zero. This leads to the following equation of motion
[10], [11]:

(1)

(2)

where is the generalized coordinates;
is the control torques; is inertia ma-

trix; is the gravity, centrifugal force and Cori-
olis force terms; is the position of the toe

and the absolute angle of the foot; is the
force required to maintain the contact and is
expressed in term of the Lagrange multiplier;

gives the direction of the constraint force; is
the Jacobian matrix which converts the direction of the
input.

If we assume that , ,
, the constraint be expressed by

(2).
The matrix and vector in the equation (1) and (2Åj

are composed of the following matrix and vector, re-
spectively.

where, index and , mean the sagittal-plane,
lateral-plane and horizontal-plane, respectively.

3. Control of the motion pattern via VCC

We will derive the control law which gives desired mo-
tion pattern to the motion of the biped described by (1)
and (2). We assume that the required motion pattern
of the robot is expressed by the following differential
equation.

(3)

where is called characteristic variables
which express the motion of the robot. We will show
the method to generate in the next section.

We can confirm that is expressed by a function
of the generalized velocity as

(4)

and (3) can also be written as

(5)
if we want to derive the acceleration term explicitly.

Then arranging (1), (2) and (5) yield

(6)



Solving (6) leads to

(7)

The existence condition of the control is that the ma-
trix inside in (7) is of full row rank which can
be satisfied in the present case since the mechanism is
full actuated. As long as the constraint force can be
supplied from the floor, the response of the closed loop
system exactly simulates (3) since (7) is the decoupling
control by regarding as the output to follow. We call
have called this control strategy as the variable con-
straint control (VCC) in [1].

3.1. Running motion pattern

In this section, we will derive three running motion pat-
terns for the three planar motions.

3.2. Running motion pattern in the sagittal-plane

At the touchdown phase, we must control the kick-
ing and balancing motions of the robot in the sagittal-
plane. In this research work, we have paid attention
to the following four fundamental characteristic vari-
ables;

[C1] [C2] [C3] [C4]

where ( , ) is the position of CG of the whole
robot; is the total angular momentum with respect
to CG of the total robot; is the total angular mo-
mentum with respect to the toe.

In order to verify these arguments and derive the
time response of C1 C4, we have analyzed [1] the
running motion of human using the sequence pho-
tographs [14] as shown in Fig. 7, Fig. 8 and Fig. 9.

Figure 7: Consecutive photograph of human

Figure 8: Motion of human

From this analysis, we have concluded that the mo-
tion of the CG of running human can be approximated

Figure 9: Center of gravity and Angular momentum

by a bouncing ball phenomenon. And the response of
is described such that once becomes negative at

the beginning of the touchdown and recovers to zero
before the lift-off by regarding the first peak as an ini-
tial disturbance. The angular momentum is just
the same as except for the steady state. The
steady state of is given by a nonzero value
which means that the CG of the robot rotates after
touchdown and the ZMP moves from the heel to the
toe before the lift-off [1].

We modeled the motion pattern in the sagittal-plane
as follows.

(8)

(9)

(10)

(11)

where ;
is the position of CG at the starting time

of the touchdown phase; is the average speed
of the velocity during the touchdown; and are
spring coefficients; and are damping
coefficients.

We will control the posture of the swinging leg by
regarding its four joint angles as additional character-
istic variables of four dimensional, that is:

[C5-C8]



The posture is chosen to have the best manipulability in
the next touchdown moment and is simply represented
by

(12)

Then, the motion pattern for the swinging leg is given
by the following differential equation.

(13)

We will control , , , and by
eight actuators of both legs.

3.3. Running motion pattern in the lateral-plane

We will control the balance in the lateral-plane to keep
the center of gravity to the toe center . Then, the
characteristic variable in the lateral-plane is defined as
follows.

[C9] The center of gravity position

When we approximate the motion pattern of as that
, it can be described as

(14)

where and .

3.4. Running motion pattern in the horizontal-
plane

We think that the balance in the horizontal-plane is just
like the above. In this case, the characteristic variable
is chosen as

[C10] The horizontal angular momentum around
the CG,

And the motion pattern is given by the differential
equation

(15)

where is chosen to simulate the decay rate.

3.5. Total running motion pattern

Equation(8), (9), (10), (11), (13), (14) and (15) yield

(16)

when we define

(17)

Then substituting the derived into (3) yields the
variable constraint control for the running biped.

3.6. Simulation results

When an initial velocity is given to the robot, it can
run several steps. The responses of the characteristic
variables concerned with sagittal and lateral, horizontal
plane are shown in 10, Fig. 11 and Fig. 12. These
results show that a biped robot may be produced which
has smooth running gaits. Stick diagram of the motion
of the robot is shown in Fig. 13, Fig. 14 and Fig. 15.

Figure 10: Simulation result (Sagittal Plane)

Figure 11: Simulation result (Lateral Plane)

Figure 12: Simulation result (Horizontal Plane)

4. Conclusions

We have explained the mechanism of our 3D biped,
Runbo2. We also have derived the running motion
pattern for the biped and proposed a control strategy
which can realize the running motion pattern. Simu-
lation results suggest that a biped potentially can be
produced which has smooth running gaits. We are now
installing the experimental system and expect the pos-
itive results. Future research work includes realizing



(a) t = 0.0 (sec.) (b) t = 0.2 (sec.) (c) t = 0.4 (sec.) (d) t = 0.6 (sec.) (e) t = 0.8 (sec.)

Figure 13: Stick diagram (Sagittal Plane)

(a) t = 0.0 (sec.) (b) t = 0.2 (sec.) (c) t = 0.4 (sec.) (d) t = 0.6 (sec.) (e) t = 0.8 (sec.)

Figure 14: Stick diagram (Lateral Plane)

(a) t = 0.0 (sec.) (b) t = 0.2 (sec.) (c) t = 0.4 (sec.) (d) t = 0.6 (sec.) (e) t = 0.8 (sec.)

Figure 15: Stick diagram (Horizontal Plane)

quadruped robots in the three-dimensional space using
the proposed control strategy.
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Abstract

In thispaperwe studya roboticsystemmoving in a verti-
caldirectionmimickinga cat’sbehavior asa catkicksawall
to jump up to a roof, which may be anefficient mechanism
for vertical movementandthe robot systemcanbe consid-
eredas one of the prototypesfor SuperMechanoSystems
(SMS).Concept,modeling,controllerdesign,simulationand
experimentalresultsarediscussed.

1. Intr oduction

Catssometimesjump towarda wall andkick it to get
to a higher-placelike a roof (Fig.1), andcanmove in
a vertical directionasa result,andthe motion seems
to beveryskillful andefficient. Consideringthemove-
mentfrom aviewpointof constraints,aroboticsystem,
which realizesthe motion to changeits configuration
accordingto theposition(on theground,kicking with
oneleg, in theair, etc),canbeconsideredasoneof the
prototypesfor Super-MechanoSystems.

Ourpurposein thispaperis to analyzeandconstruct
a control law for a real machinemimicking the cat’s
motion. In theconsideredrobotic system,the robotic
motion is assumedto be constrainedin the sagittal
planeto maketheproblemsimple.

In section2, thedynamicequationof the systemis
derived,andin thefollowing sectiona controlmethod
will be discussed.In section4, we will show some
simulationresults.Finally we will show someexperi-
mentalresultsandfuturework will bediscussed.

2. Modeling

2.1. Systemstructur e

Eventhougha realcattwists its bodyafter jumpingto
getto ahigherplace(theroof), werestrictthejumping-
motionin thesagittalplanein thispapersothatwecan
analyzeandconsiderfundamentalcontrolproblems.

In order to realize the motions, jumping from the

Figure1: Motion of thejumpingcat

Actuator1

Actuator2

Actuator3

Actuator6

Actuator5

Actuator4

crow

Figure2: Roboticsystem

groundto awall andfrom thewall to theroof, wecon-
sidera 7-link robotasin Fig.2 Thefeatureof thesys-
temcanbesummarizedasfollows.
Therobothas

� 6 rotationalactuatorsat it’ s joints,

� whenthe toemakescontactwith the floor or the
wall, it is assumedthat thereis no slip between
thetoeandthecontactpoint alongthesurfaces.

2.2. Modeling

Thewholesystemis dividedinto two 4-link seriallinks
at pointX(Fig 3) virtually, anda holonomicbodycon-
straint

�����	��
���
to keepthebodyasonestraightlink

is introduced.



As generalizedcoordinatesystems,we use

�������� � ���	��������� �!�"�#��$%�����'&(�"�#��)+*,� (1)� �-���� � - �.� - �"� - �#��� - $(�"� - &(��� - )+*,� (2)� � ��� � �� � � �- *0/ (3)

Thoughthesecoordinatesystemsareredundantand
the systemdescriptionbecomescomplex, the advan-
tagesareasfollows:

1 A 4-link dynamicequationis simpler than a 7-
link one and we can usethe sameequationfor
eachlink,

1 this coordinatesystemis very useful for judging
the timing of switchingtheconstrainton the toe,
whichwill bementionedlater.

For the following discussion,Jacobianof the body
constraintis definedasfollows:2

2�354�6"7 �'8 �:9 6;7 ��8 <� ��= � 9 6;7 �'8 �?> 4 6 7 ��8
> �

/ (4)
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y
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Figure3: Roboticsystemandcoordination

2.3. Variable constraints

We assumethat enoughconstraint force is exerted
whenthe toe makescontactwith the groundor wall,
andholonomicconstraints4�P�7 � �.QSR 2�T 8 ��= areintro-
ducedaccordingto thestateof thesystem,wheremode
is anindex thatindicatesthestateof thetoe’scontact.

For example,whenonly thehind toe is constrained
to thefloor or wall, 4�P�7 � �UQSR 2%T 8 becomes

4�P%7 � �.QVR 2�T 8 � � -XWZY[-�\+R!]�^ 3� - W�_ - \+R!]�^ 3 � (5)

andwe cancalculatetheJacobian,as
2
2�3 4�P%7 �'8 �:9 P%7 �'85<� ��= � 9 P`7 ��8 � > 4 P 7 �'8

> �
/ (6)

The problemhereis how we can judge the mode.
Theanswerlies in theunderstandingof theconstraint
force a P (Fig4). In thecaseof toebeingontheground,a b is a horizontalconstraintforce and a c is vertical
one,andif the a c is equalto zeroandtheacceleration
upwardis positive,theconstraintshouldvanish(a �S= )
andtoecanmove upward.Whenthetoeis onthewall,
switchingtiming dependson the aed viseversa.

Body

floor


PSfragreplacements

ground

aef

aed
Figure4: Constraintforce

2.4. Dynamic equation

The dynamicequationfor the systemwith the redun-
dantcoordinatesystemsis consideredin this section.
Ignoring the constraint,two 4-link manipulator’s dy-
namicequationsaredescribedasg 7 �'8�h�ji 4k7 <� � �'8 <�Miml 7 �%8 �Sn � (7)

where

g � g � == g - � 4 � 4 � == 4 - �
l � l �l - � nX� n �n - /

In order to changepositionconstraintto acceleration
constraint,we differentiate(4) and(6), andin orderto
keeptheconstraint,constraintforces,9 �6 a`6 , and 9 �P aeP
areintroduced,andfollowing simultaneousequations
areusedto expressthesystemincludingall constraints:g 7 �'8�h�ji 4o7 <� � �'8p<�jiVl 7 �%8 �qn W 9 �6 ae6 W 9 �P aeP �

(8)

9 6 h� � W <9 6 <� � (9)

9 P h� � W <9 P <� / (10)

From theseequations,acceleratingvector h� , and
constraintforces a 6 and a P canbe calculated.There-
fore, constraintforceandaccelerationcanbe usedfor
judgingthechangeof themode.

Collision with the wall or other things is assumed
to beperfectlyinelastic,andthestatewill shift to that
of theunderconstraintjust afterthecollision which is
modeledaseffectsof impulseforces.



3. Controller Design

Sincetheinitial configurationis very importantfor the
robot’s jumpingmotion,it is determinedby stochastic
dynamic manipulability measure. For dynamiccontrol
of the robot’s jump, we payattentionto themotionof
thecenterof massmainly, andtheproposedmethodis
derived as if the centerof the gravity is moved by a
springconnectedto a virtual wall.

3.1. Stochasticdynamic manipulability measure

Figure5: Realizableaccelerationfor thecenterof mass

Thereexists a lot of possibleposturesof the 7-link
robotbeforethe jump, andit is not easyto determine
whatkind of poseis suitablefor the jump. Therefore,
we usea measureto decidethe position for jumping,
i.e.,stochastic dynamic manipulability measure, which
evaluatesanexpectedrequiredtorqueto realizethede-
siredacceleration.

Sub-optimalconfigurationfor the jump from the
groundandfrom the wall basedon the stochasticdy-
namicmanipulabilitymeasurecanbedeterminedby a
numericaloptimization.

In anotherwords, at first we determinethe pose
which easilyachievesthedesiredaccelerationandan-
gular acceleration,and the robot is set to the posture
beforethejump.

Let’s assumethat, 7 �sr �	� r 8 and � 6 indicatethecoor-
dinatesof thecenterof mass,andangleof thebody, re-
spectively. By eliminatingtheconstraintforce a from
thesystemdynamics,we have

n;tu� g t h�ji 4 t <�Mivl t � (11)

where

<�xwy�z9�{ <� � �swy� �xr � r � 6 � � (12)

and

g to| g �
4 t | _ 4 i 9 �} Ym~x� <9 } �l to| _ l �
n t | _ n �
Y |:9 } g ~x� 9 �} �
_ |V� W 9 �} g ~�� 9 } g ~x� /

For this descriptionof thesystem,stochasticdynamic
manipulabilitymeasureis definedas

���	� �
� }�� ���`�o�� }�� � ������������� ��� ������� ~x� �!� � � �o�7��p��� ��9%{;9 �{ *���= 8

=
7��p��� ��9 { 9 �{ * ��= 8 �

(13)

where

� �	� : Stochasticdynamicmanipulabilitymeasure�
: Weightmatrixindicatesthedirectiontoaccelerate

9%{ : Jacobianmatrix.

To determinethesub-optimalconfigurationwith re-
spectto themeasureunderthe constraints,� �.� is up-
datedby thefollowing iteration:

� �.� 7¡  i�¢'8 � � �.� 7K  8Hi > � �	� 7¡  8
> �

�¤£ � � (14)£ � � ¥ �;¦ � (15)

¦ � § 7 > � �	� 7¡  8> �
8 � ¥ �(¨ �ª©�« � (16)

where ¥ � is basisof ¬ TU 7 9 { 8 . If we usethe iteration
and « is a semi-positiveconstant,

� �.� is increasedas

� �	� 7¡  i�¢'8 � � �.� 7K  8si¯® 7 > � �.� 7K  8> �
8 � ¥ �5®�° «�± � �.� 7K  8 /

(17)

3.2. Jumping control

Only jumpingwith bothlegsor with only thehind leg
is mentionedhere. Whenthecat is in the air, we just
adoptfeedbackcontrol so that the postureof the legs
convergesto a desiredonedeterminedbeforehandby
theabove method,which is readyfor thenext jump.

In orderto derive a proposedcontrolalgorithm,we
re-describethesystem,andwepayattentionto thecen-
ter of massandthe body’s angle. Using a coordinate
changefrom � to �swk�²� ��r �.� r �"� 6 * , thesystemcanbe
expressedas

h�xwy�:³ 7 � � <�'8 n iv´ 7 � � <�'8 � nµ�z� n �� � n �- * � � (18)



where

³:|¶9�{ g ~x�t _x�
´ |¶9�{ g ~x�t 7	4 t iml t 8 W <9%{ <� �
_ |µ� W 9 �} g ~x� 9 } g ~x� �

and 9 { is the tangentialmap of the coordinatetrans-
formation. For the systemrepresentation,h� w is deter-
minedso that themotionof themasscenterfollows a
simplemass-springmodel.

3.2.1. Jumpingwith bothlegs

Wall

Floor x

y

PSfragreplacements
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Figure6: Model matching1

· }U¸.¹ : Desiredangularacceleration� }!¸.¹ : DesiredangleT
: Normalunit directionalvector¬ : Coefficient of thevirtual springº
: Lengthof thevirtual springg
: Massof thevirtual body

Thedesiredaccelerationof thebody h� }!¸.¹ �y»S¼ ° is,
asshown in Fig.6,determinedsothat thevirtual mass
concentratedto themasscentermovesasif it is pulled
by a strongspringstuckto thewall, anda desiredan-
gular accelerationof body h� }U¸.¹ ° »½¼ is designedto
rotatein thedesireddirectionas

h� }U¸.¹ � h� }U¸.¹ �h� }U¸.¹ ° (19)

� ¾�¿� T
= i À<· }!¸.¹ W ¬ÂÁ�7 <� 6 W · }!¸	¹ 8 � (20)

where
T

is aunit vectortowardthedesireddirectionfor
jumping,and Ã is a vectorfrom the centerof massto
thewall alongto theline from the toeto thecenterof
mass,and

º ��Ä T � ÃÆÅ indicatesthe spring’s length.¬ Á is anappropriatefeedbackgain.

Becauseof the redundantsystem,n is selectedto
minimizethefollowing criterionfunctionas:

9 �jÇ � ® � w 7 ³Gn W ´ W h� }U¸.¹ 8�®�°Èi ¢É n � �ªÊ n � (21)

where

� w �
Ë = == Ë == = Ì

� (22)

and Ë � Ì arepositiveconstants,and
� Ê

is anappropri-
atepositive weightmatrix.

3.2.2. Jumpingonly with thehind leg
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Figure7: Model matching2

Ã : Normaldirectionalvectorof thespringÃ�Î : Modified unit vectorfor desireddirectionÍ : Modifying ratio of thedirectionT Î : Normalunit directionalvector¬ : Coefficient of thevirtual springº
: Lengthof thevirtual springg
: Massof thevirtual body

After themotionwith thetwo legs,thefront leg will
naturally lift. In order to control the centerof mass,
only the hind leg’s actuatorsaremainly used,andas
it is difficult to controlall of the threedegreeof free-
dom,thespring-massmodel is modifiedto control the
bodyangleindirectly First, Ã is determinedasa direc-
tional vector by connectingthe toe andthe centerof
mass,then,it is adjustedto a directionalvector ÃeÎ due
to thesignof theerrorof theangularvelocity by Í as
follows:

Ã Î � Ã W � = � Í ^UÏ'] 7 · }U¸.¹ W <� 6 8 * � (23)

and,desiredacceleration� }U¸.¹ is determinedby

h� }U¸.¹ � � ¾�¿� T Î= � (24)



º Ç �ÈÄ Ã � T Î Å � T Î Ç � Ã Î0Ð ® Ã Î ® �
andtheweight

� t is alsochangedto

� tÂ�
Ë = == Ë == = =

/ (25)

As in theprevious method,n - is determinedto mini-
mizethefollowing criterionfunction:

9 ° Ç � ® � t 7 ³Gn W ´ W h� }!¸.¹ 8"® ° i ¢É n � � Ê n � (26)

wheren;Ñ is determinedlocally.

4. Simulation

In order to examine the validity of the proposed
method,we conductednumericalsimulationsof the
jump for a model of an experimentalsystem. In the
optimizationandthesimulations,itis assumedthatthe
fore leg andhind sub-systemshave thesameparame-
ters.

4.1. Poseoptimization

Weobtaineda sub-optimalposture,usingthestochas-
tic dynamicmanipulabilitymeasurefrom someof the
initial posesby a gradientsearch.Oneof the results
is shown in Fig.8 and Fig.9. By the procedure,the
manipulabilitymeasureincreasedby about20%,from^ �.� �SÒ Ó / Ô to ^ �	� ��Õ'Ò / Ö .

4.2. Cat jumping with kicking a wall

In thesimulation,we assumedthata wall is locatedat�µ� W = / Õ [m], andtheroof at � ��= / Ö [m].

For thevaluesof controlparameters,we used¬ �Ó�='= [N/m], · � W Õ'= � p×e2 Ð ^�* , andwhenthe cat jumps
from the floor to the wall, we set · � WMØ ='=5� p×e2 Ð ^!* ,
from the wall to the roof. Sincethereis no system-
atic rule to determinethevalueof parameters,they are
determinedby trial anderror.

As shown in Fig.10thesequenceof thejumpingmo-
tion is shown. It is shown that the roboticcat jumped
up to a roof at y=0.5[m] after kicking thewall with a
rotation.

5. Experimental Results

In orderto checkthevalidity of theproposedmethod,
weconstructedanexperimentalsystem.
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5.1. Systemconfiguration

Wedesigneda 7-link roboticcatshown in Fig.11.The
systemconfigurationof the whole systemis given in
Fig.12. The following describesthe details of the
roboticsystem.

Since motorsare too heavy to be installed in the
robot,power of theactuatorsis suppliedfrom outside
by wires (Fig.13),andtheweightof thewiresis com-
pensatedfor by a counterweight.

The position and the angleof the toe is measured
by the CCD camera. In order to measurethe angles
of the joints, potentiometersare usedsinceencoders
of the motor are uselessdue to the extensionof the



Figure11: Catrobot
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Figure12: Systemconfiguration

wire. Becauseof thewiresextension,therearea lot of
time delaysin thewire system.In orderto control the
anglein suchabadcondition,slidingmodecontrolare
introducedas,

n � � W ¬æåUç�è�éëê ^.Ï'] 7	ì � 8 � (27)

ì � � <T { i a�å!ç�è�é�ê T { � (28)

where
T { � � W � � and a is a positive constant.

Furthermore, we introduced strain-gagesin the
wire system betweenmotors and the body of the
cat to measurethe equivalent torquesexerted to the
joints(Fig.15),sincethe power appliedby the motors
is lost dueto friction in the wire system. Tensionof
thewire is measuredusingthebendingdeformationof
aplatestretchedfrom bothsides(Fig.16).

Usingtheinformationfrom thestraingage,a minor
loopcompensationis constructedas,

n � n � W ¬ÂíMî¡ï�ð } ^UÏ'] 7	ì ° 8 � (29)

ì ° �
�
ñ T Ê 2�3 � (30)

where,
T Ê �½òn W n � , òn is themeasuredtorque.

Motor

Joint

Figure13: Motor andwire system

Figure14: Potentiometer

5.2. Learning control

Theproblemdueto thetimelossanddisturbanceof the
wire systemis too serious,it wasdifficult to applythe
proposedmethoddirectly, thereforethe learningcon-
trol [6] is appliedasfollows.

In the   -th trial, theslidingsurfaceis modifiedas

ì � 7 3 8 � <T { 7 3 8xi a T { 7 3 8xiªó î!7 3 8 � (31)

whereó î indicatesthelearningtermwhich is updated
by thefollowing algorithm.

ó îõô � � ó î W Í î.ö7 � � W � î 8 � (32)

where,ö is a learningfilter, � î is theexperimentaldata
of the   th trial, and Í î is positive coefficient. The de-
sired angle � � is determinedbasedon the simulation
data.(Seethedetailsin [6].)

Oneof the resultsis shown in the Fig.17. It is ob-
served that the output of the latter trial is obviously
improved.

6. Conclusionand Futur eWork

We proposeda jumpingmethodof a roboticcatusing
spring-massmodel matching,and we conformedthe



Figure15: Straingagesystem
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Figure16: Principalof measuringtorque
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Figure17: Learningresult:Angleof thereartoe

effectivenessof thecontrollaw by simulation,in which
the robotic cat could jump towardsthe wall and land
on thewall. For it’ s initial postureevaluation,we used
stochastic dynamic manipulability measure.

In order to realizethe real robot, VSS control and
learningcontrol wereappliedandmuchprogressare
conformed. But the jumping hasnot completedyet,
andfuturework shouldinclude:

1 completionof thejumpingwith therealrobot,

1 learningcontrolin thetaskspace,

1 realizationof a 3D catrobot,anddevelopmentof
thecontrolinto thethree-dimensionalsystem.
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