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Abstract

The study of how infants learn to bounce, while being sup-
ported by a harness attached to a spring, sheds light on how
infants learn to exploit the dynamics of their exploratory mo-
tion. The emerging rhythmical activity – result of an entrain-
ment among neural system, musculo-skeletal system, and
surrounding environment – is a salient characteristic of a de-
veloping body control during the first year of life. In this pa-
per, we describe and discuss the results of four preliminary
experiments realized with a small-sized humanoid robot har-
nessed in a jolly jumper, and whose leg joints are controlled
by neural oscillators. While the two first experiments see the
robot oscillate freely in space, the last experiments have the
robot touch the ground during oscillations so as to character-
ize the effects of ground interaction. An appropriate choice
of the parameters of the neural oscillators lead to sustained
and stable bouncing.

1. Introduction

While the importance of active exploration of objects
and events in infants has since long been acknowl-
edged by developmental psychologists [1, 2], little at-
tention has been paid to the information available to the
infant as a result of his or her own self-exploratory acts.
One of the goals of self-exploration may be “to ascer-
tain a state of awareness about the self and its envi-
ronment by means of activities which involve the gath-
ering of information specific to stable regions in the
high-dimensional space of possible actions” [3, p. 167]
[see also 4, 5]. This process of self-exploration could
lead to the creation of new and emergent forms of
activity or could help the infant discover more effec-
tive ways of harnessing the energy being generated by
on-going bodily activities [3, 6, 7]. In other words,
the exploration of the individual’s own capacities is
one of the primary driving forces of development and
change in behavior, and infants have to explore, dis-
cover, and select – among the myriad of available so-
lutions – those that are more adaptive, efficient, and

effective [see 8]. Piaget [9] emphasized that when in-
fants perform movements over and over again, they are
in fact exploring their own action systems. Similarly,
Von Hofsten [10] suggested that exploratory actions,
which traditionally have been thought of as actions fo-
cused on the external world, may as well be focused on
the infant’s own action system.

In the last two decades, a growing body of evidence
has shown that the control of movements resulting in
particular (exploratory) actions is not determined by
innate mechanisms alone, but rather, emerges from the
dynamics of a sufficiently complex action system in-
teracting with its surrounding environment [3, 11, 12,
13, 14], i.e., the dynamic landscape of the exploratory
activities displayed by infants is modulated by the in-
teraction dynamics of the infant actor and its surround-
ings. In the wake of Taga [12], we suggest that given a
particular task-environment, movements emerge from
entrainment among (possibly spontaneous) activity of
the musculo-skeletal system, neural system, and the
surrounding environment.

The paper is organized as follows: in Section 2,
we introduce our task-environment (spring-supported
bouncing) and describe its implications in the context
of development of motor skills. These implications
motivated our robot experiments. We then introduce
our experimental setup (Section 3), which is followed
by a report of our experiments (Section 4). Finally, we
summarize and discuss our main results and conclude
by pointing out some future directions.

2. Implications of Infant Bouncing

Our interest for infant bouncing originates from a lon-
gitudinal study performed by Goldfield and colleagues,
in which eight 6-months old infants were observed
once each week for a period of several weeks, while
they learned to bounce. The infants were supported by
a harness attached to a spring of known stiffness and



damping. At the onset of each experimental session it
was made sure that the infants’ soles could “just” touch
the floor [15, 3]. Goldfield et al. [15] found that in the
course of learning to bounce, the infants’ motor activ-
ity could be decomposed into an initial assembly phase
in which kicking was irregular and variable in period,
and a subsequent tuning phase characterized by bursts
of more periodic kicking and long bouts of sustained
bouncing, “during which infants seemed to explore the
mechanical properties of the mass-spring system (con-
sisting of infant, harness and spring).” A third phase
was initiated by a sudden doubling of the bout length,
characterized by oscillations of the mass-spring system
at its resonant frequency, a sensible rise of amplitude,
and a decrease of the variability of the period of the
oscillations.

From this study, at least two general implications on
the development of action systems for human infants,
as well as for robotic systems, can be drawn. First,
there is no need for a set of preprogrammed instruc-
tions or predefined behavioral models of the system.
That is, the infants, through a process of self-discovery,
explored their action space, performing various sponta-
neous (seemingly random) movements, before discov-
ering that kicking against the floor had interesting con-
sequences. After the tuning phase, the infants began to
exploit the physical characteristics of the mass-spring
system. Goldfield and collaborators hypothesized that,
while learning a task, infants may try out different
musculo-skeletal organizations by exploring the corre-
sponding parameter space, and by probing the resulting
landscapes, driven by the dynamics of the task and by
the existing repertoire of skills and reflexes [15, 3].

Secondly, to achieve effective and continuous
bouncing – characterized by simultaneous leg exten-
sions – the infants had to learn patterns of interseg-
mental coordination. This required the exploration of
different force and timing combinations for the con-
trol of their movements, and the integration of envi-
ronmental information impinging on various sensory
modalities, i.e., visual, vestibular, and cutaneous. Un-
fortunately, Goldfield et al. [15] did not provide neither
a kinematic nor a kinetic analysis of the development
of the infants’ movement patterns. In line with find-
ings reported in [16, 17, 18], we believe that to reduce
the movement complexity, the initial movements were
characterized by a tight joint coupling. As learning
progressed, the tight intersegmental coupling was loos-
ened, and more complex patterns could be explored.

One of the main motivations for this study re-
sides in our interest for the mechanisms underlying
the emergence of coordinated movement patterns via
the self-exploration of the sensorimotor space. It

is our contention that self-exploration, while start-
ing off with seemingly random, spontaneous move-
ments, guided by the intrinsic dynamics of the neuro-
musculo-skeletal system and its interaction with the
environment, may indeed result in spatio-temporally
organized motor activity [see also 14, 3, 19].

3. Experimental Setup

Our experimental platform consisted of a small-sized
humanoid robot with 12 mechanical degrees of free-
dom (see Figure 1 left and center). The robot was sus-
pended, through a leather harness, to two springs. Each
leg of the robot had 3 segments – thigh, shank, and foot
– articulated with 5 joints, but only 3 of them – hip,
knee, and ankle – were used. The soles of the robot’s
feet were made of soft and mechanically compliant
material. Each joint was actuated by a high torque RC-
servo module. These modules are high gain positional
control devices and do not provide feedback on the po-
sition of the corresponding joint. There was no need to
measure the anatomical angles at the hip, knee and an-
kle, since they were available as the set positions of the
RC-servo motors. Exteroceptive and proprioceptive in-
formation about body and environment was also taken
into account. Ground reaction forces were measured
by means of force sensitive resistors (FSR) placed un-
der the feet of the robot. Each foot had two FSR: one
positioned at the toe and one at the heel of the foot.
Torsional movements around the z-axis were measured
with a single-axis solid-state gyroscope, whose output
was the angular acceleration ωz. Linear accelerations
in the sagittal plane (ax and az) were estimated by a
2-axis accelerometer (see Fig. 1 left).

Figure 1 (right) depicts a schematic representation
of the neural control architecture, that was inspired by
Taga [12]. The neural rhythm generator or central pat-
tern generator consisted of 6 neural oscillators, each
one of which constituted a resonant circuit [20] re-
sponsible for one joint. In many vertebrate species,
central pattern generators seem to generate the rhythm
and form of the bursts of motoneurons [21]. We mod-
eled the individual neural oscillators according to the
following set of nonlinear differential equations:

τuu̇ f � � u f
� βv f

� ωc
�
ue ��� � ωp

�
Feed ����� te

τuu̇e � � ue
� βve

� ωc
�
u f � � � ωp

�
Feed �
	�� te

τvv̇ f � � v f � �
u f ���

τvv̇e � � ve � �
ue � �

yout � u f
� ue

where ue and u f are the inner states of neurons e (ex-
tensor) and f (flexor), ve and v f are variables repre-
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Figure 1: Left: Schematic representation of the robotic setup. Middle: Humanoid robot used in our experiments. Right:
Model of neuro-musculo-skeletal system.

senting the degree of adaptation or self-inhibition of
the extensor and flexor neurons, and te is an external
tonic excitation signal. β is an adaptation constant, ωc

is a coupling constant that controls the mutual inhibi-
tion of neurons e and f , τu and τv are time constants
of the neurons’ inner states and determine the strength
of the adaptation effect. Sensory feedback to the pat-
tern generator Feed occurred through the four sensors
located under the robot’s soles. Its value was com-
puted as the sum of the sensed ground reaction forces,
and was weighted by the variable ωp. The operators�
x � � and

�
x � 	 return the positive (respectively negative)

part of x. The output yout of the oscillator served as
set-position of the respective joint.

Appropriate joint synergies among ipsilateral joints,
i.e., phase relationships between the corresponding
neural oscillators, were produced by feeding the flexor
unit of one oscillator with a combination of the out-
put of the extensor and flexor units of the other os-
cillator. Mathematically, it boiled down to adding the
factor � ωs � � ue � � � �

u f � 	�� to the term τuu̇ f , where ωs

is an intersegmental coupling constant determining the
strength of the coupling. More specifically, the knee
and ankle flexor neuron were fed by the output of the
ipsilateral extensor and flexor neurons of the hip joint.

4. Experiments and Discussion

For the modeling and the analysis of the results, we
made the assumption of an ideal mass-spring-damper
system. The differential equation governing the free

oscillation of an ideal mass-spring-damper system is
mẍ � bẋ � k x � 0, where m is the mass of the robot, and
b and k are respectively the damping coefficient and the
spring constant of the spring. This equation has solu-
tions of the form: x � t � � Ae 	 bt � 2m cos � ωd t � φ � , where
A and φ are determined by the initial displacement
and velocity of the robot and ωd ��� k � m � � b � 2m � 2.
The mass of the robot (fixed throughout all experi-
ments) was m � 1 � 33kg, the spring constant, which
was determined empirically, amounted to k � 25 � 5N � m
(k1 � k2 � k in Fig. 1 left). The damping coefficient of
the spring was approximately b � 0 � 065kg � sec (b was
computed by assuming a viscous frictional force, pro-
portional to the velocity of the oscillation, and opposed
to the direction of oscillation).

In the remainder of this section, we describe and dis-
cuss four experiments. In all experiments, the move-
ments of the system, consisting of robot, harness and
springs, were analyzed via the recording of colored
markers placed on the robot’s hip, knee, and ankle. The
organization of the experiments reflects the complex-
ity of their environmental interactions (with/without
ground contact, with/without sensory feedback). Ex-
periment 1 served to assess the basic properties of
the real system and of the corresponding mass-spring-
damper model. The goal of Experiment 2 was to un-
derstand if, and what sort of, oscillations could be sus-
tained as a result of the interaction of the freely oscil-
lating and kicking robot with the two springs. Exper-
iment 3 assessed the effect of ground contact (another
type of nonlinear perturbation) on the motion observed
in Experiment 2, and finally, in Experiment 4, we took
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Figure 2: Damped harmonic oscillation. Plot of the displace-
ment of the hip joint relative to its resting position. The unit
of the vertical axis is cm, whereas the one of the horizontal
axis is sec.

into account the sensory feedback coming from the
load-sensitive sensors located under the robot’s feet.
In Experiments 2,3 and 4, the kicking patterns were
characterized by a tight coupling between the joints,
i.e., the intersegmental coupling constant was set to
ωs � 0 � 75.

4.1. Experiment 1 – Free oscillations

The robot was not actuated, and after an initial arbi-
trary vertical displacement and a zero velocity, was
let oscillate freely. At the onset of the experimental
session, we made sure that the robot’s feet could not
touch the ground. The resulting motion was harmonic
and underdamped (see Fig. 2), with an exponentially
decreasing amplitude of the form e 	 αt sin � 2πt � T � , a
decay coefficient α � 0 � 124 � sec, and a period T �
1 � 01sec. Hence, the resonance frequency of the sys-
tem could be estimated to be fR � 1 � T � 0 � 99Hz.
To account for unevenly sampled data, this estima-
tion was computed with an algorithm developed by
Lomb [22]. The effective spring constant of the sys-
tem was Ke f f � 50 � 5N � m and amounted to almost
twice the spring constant of each single spring. The ef-
fective damping coefficient was approximately Be f f �
0 � 33N sec � m. Note that Be f f is not twice the damp-
ing coefficient of a single linear spring, as might be
inferred by the value of Ke f f . This is a clear indica-
tion of the fact that the system is not a close-to-ideal
mass-spring system, and that a more rigorous approach
would have to consider a better model for the damping
force. For instance, viscous frictional forces propor-
tional to the square of the velocity of the mass should
be taken into account.

4.2. Experiment 2 – Forced oscillations without
ground contact

In this experiment, the robot’s joints were actuated,
i.e., the right-hand side term in the equation describ-
ing the motion of the robot was not 0, but (as sug-
gested by Goldfield et al. [15]) a term F � t � , function
of the parameter settings of the neural oscillators, and
of the amplitude of the robot’s limb movements. In
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Figure 3: Forced harmonic oscillations without ground con-
tact. Top, plot of the vertical displacement of the hip joint
in cm (y-axis) relative to its resting position. Bottom, av-
erage of the hip displacement as a function of 1 � τu. The
peak corresponds to 1 � τu � 9 � 26. The oscillation frequency
is fHip � 1 � 01Hz, which is very close to the resonance fre-
quency of the system fR � 0 � 99Hz.

other words, the movement of the robot can be mod-
eled as a forced mass-spring system, and the robot’s
kicking movements represent the driving force. As in
Experiment 1, the robot could not touch the ground
with its feet. After an initial transient, the oscillating
system reached steady state, and oscillated with forced
harmonic motion. Vertical resonance was achieved for
the parameter setting � Tu � Tv � � � 0 � 108 � 0 � 216 � , and re-
sulted in an average vertical displacement from the
rest position of 10 � 6cm, and a peak displacements ex-



ceeding 17cm – see Figure 3 (top). The dominant
frequency of the oscillation, estimated via a spectral
analysis of the vertical component of the hip marker
position, was fHip � 1 � 01Hz, which was very close
to the previously estimated resonant frequency of the
system fR � 0 � 99Hz. Interestingly1, the system dis-
played at least three oscillatory modes. Apart from
the aforementioned vertical oscillations, for parameter
settings close to � Tu � Tv � � � 0 � 066 � 0 � 132 � , the system
showed a strong horizontal oscillatory motion, whereas
for Tu � 0 � 150 and Tv � 0 � 300, there was an evident tor-
sional movement. For Tu � 0 � 06, there were essentially
no vertical oscillations – see Figure 3 (bottom).

4.3. Experiment 3 – Forced oscillations with
ground contact (ωp � 0)

The goal of this set of experiments was to assess the
effect of ground contact on the oscillatory movement
observed in Experiment 2. At the onset of each ex-
periment, we made sure that the robot’s feet could
touch the ground (made of a compliant material, i.e.,
polyurethane). The introduction of this additional non-
linear perturbation lead (given appropriate control pa-
rameters) to the emergence of a new behavioral form –
bouncing. The result of three different parameter con-
figurations can be seen in Figure 4. A suitable model
of the movement of the robot’s center of mass would
also have to take into account the nonlinear interaction
with the ground, and the stiffness and damping char-
acteristics of the floor and the feet. We suggest the
following linear model (inspired by Goldfield [15]):
mẍ � Be f f ẋ � Ke f f x � F � t � , where F � t � � 0 when the
feet are off the ground and F � t � � F0

� F0sin � 2π f t � ,
when the feet are on the ground (F0 � 0). The effective
spring constant Ke f f , respectively the effective damp-
ing coefficient Be f f , incorporate the effect of springs,
feet and floor.

4.4. Experiment 4 – Forced oscillations with
ground contact (ωp � 0)

The sensory feedback and the contact with the ground
induced – in Goldfield’s words [15] – a “haptic clos-
ing of the loop”, and turned the linear and externally
driven mass-spring system of Experiment 2 and 3, into
an autonomous limit-cycle system with the intrinsic
timing determined by the moment of foot contact with
the ground, and the gain of the feedback connection
ωp. In other words, the frequency of the kicking (im-

1Goldfield [3] reported that a characteristics of spontaneous ac-
tivity in infants is that it enters preferred stable states and exhibits
abrupt phase transitions between these states.

plicitly timed by the neural oscillators) and its phase
relationship with the bouncing, was regulated by the
haptic information, and resulted in an entrainment ef-
fect between ground contact, and neural oscillators.
A positive ωp had at least two advantages: stabilized
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Figure 4: Forced harmonic oscillations with ground contact
(bouncing) in the case of ωp � 0. Tu � 0 � 108 � Tv � 0 � 216
(top), Tu � 0 � 114 � Tv � 0 � 228 (center), and Tu � 0 � 140 � Tv �
0 � 280 (bottom). In all graphs, from bottom to top, the three
curves represent the vertical displacement of the ankle, knee
and hip marker in cm. The dominant frequency for the hip
position in the top plot is fHip � 1 � 01Hz, fHip � 0 � 95Hz for
the middle plot, and fHip � 0 � 73Hz for the bottom plot.
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Figure 5: Forced harmonic oscillations with ground contact
(bouncing) in the case of Tu � 0 � 114 � Tv � 0 � 228, ωp � 0 � 5
(top) and Tu � 0 � 140 � Tv � 0 � 280, ωp � 0 � 75 (bottom). In
both graphs, from bottom to top, the three curves represent
the vertical displacement of the ankle, knee and hip marker
in cm.

and sustained bouncing, as well as an increase of its
amplitude (measured as difference between successive
maximum and minimum of the vertical displacement).
This can be seen in Figure 5. In the top graph, the
parameter configuration was � Tu � Tv � � � 0 � 114 � 0 � 228 �
and the gain of the feedback connection ωp � 0 � 5. The
dominant frequency of the vertical oscillation (deter-
mined via a spectral analysis of the hip marker) was
fHip � 0 � 93Hz (for the same parameter configuration,
but with ωp � 0 and fHip � 0 � 95Hz). The maximum
vertical displacement of the hip relative to the initial
position of the ankle marker was 27 � 3cm, whereas its
maximum vertical displacement relative to the initial
position of the hip marker was 4 � 4cm. The effect of
the absence of sensory feedback, i.e., ωp � 0, can be
appreciated by comparing Figure 5 (top) with Figure 4
(center). After a short initial transient, the robot settled
into a stable oscillatory movement, but did not bounce.
The plot on the bottom of Figure 4 and Figure 5 show
the stabilizing effects of sensory feedback. In both

cases, the parameters were Tu � 0 � 140 and Tv � 0 � 280.
For ωp � 0 � 75, the bouncing was stable and sustained,
whereas for ωp � 0, the bouncing suddenly collapsed
(more variability). In this case, the model is more com-
plicated and needs to take into account the change of
phase and timing due to the sensory feedback. This
is realized with the introduction of a new variable φ:
mẍ � Be f f ẋ � Ke f f x � F � t � φ � .
4.5. Further Discussion

Our premise of a tight synergy between hip, knee
and ankle joints, i.e., the fact that the intersegmen-
tal coupling constant ωs was fixed to 0 � 75 through-
out the whole study, finds justification in develop-
mental psychology. Findings reported in [14] show
a high degree of coordination between the hip, knee
and ankle joints of the same leg (intralimb coordina-
tion) in infants younger than 12 months. According
to the same authors, kicking appears to be an espe-
cially well-coordinated movement, quite distinct from
other less rhythmic movements. After the first month
of life, infants begin to use kicks for task-related ends.
As mentioned previously, we believe that this tight
synchrony, while reducing the movement complexity,
could help decreasing the complexity of the control
structure and could bootstrap and speed up the dy-
namical self-organization of movement patterns. This
strong joint synchrony can be considered as an exam-
ple of reduced variability in the young infant [23]. As
learning progresses, the tight intersegmental coupling
could be loosened, and more complex spatiotempo-
ral patterns could be explored. Eventually, as a re-
sult of this self-exploration, movement pattern, which
exploit passive forces and harness natural dynamics
could emerge.

The rhythmic nature of the task (oscillating or
bouncing), which can be interpreted as a form of cir-
cular reaction 2, and the flexibility in the selection of
both, morphological and neural control parameter, may
facilitate the process of self-exploration. As a matter
of fact, rhythmic (not necessarily task-oriented) activ-
ity is highly characteristic of emerging skills during the
first year of life. Thelen and Smith [14] suggested that
oscillations are the product of a motor system under
emergent control, i.e., when infants attain some degree
of intentional control of their limbs or body postures,
but when their movements are not fully goal-corrected.

2Circular reactions represent an essential sensorimotor stage of
Piaget’s developmental schedule [9]. They refer to the repetition
of an activity in which the body starts in one configuration, goes
through a series of intermediate stages, and eventually returns to the
initial configuration.



To produce rhythmic activity, we employed a neural
structure generally referred to as central pattern gen-
erator. As a demonstration that sensory feedback is
not necessary for the generation and coordination of
such movements, experiments in completely isolated
spinal cords and in animals without sensory feedback,
have shown that the patterns generated by these type
of structures are very similar to those recorded in not
deafferented, i.e., intact, animals [24]. On the other
hand, the question of how sensory feedback interacts
with the central pattern generator is still open [12].
What emerged from our study is that sensory feed-
back induces a reduction of movement variability, an
increase of bouncing amplitude, and leads to stability.
A similar finding, in the case of biped walking, is re-
ported by Taga [13] who states that, through a recurrent
interaction of sensory information and movement gen-
eration, the instability of the human body is stabilized
as a limit cycle.

5. Conclusion and Future Work

In [15], Goldfield suggests that two processes are in-
volved in the developmental transformation of sponta-
neous activity into a task-specific action pattern: as-
sembly and tuning. While assembly refers to the self-
organization of relationships between the components
of the system, tuning refers to the adaptation of the
parameters of the system to particular conditions. In
this paper, we have primarily focussed on the tuning
phase by assuming a meaningful result of the assem-
bly phase, namely, a task-specific and strong synergy
between the joints involved in the bouncing process.

With respect to the tuning phase, there is still much
to do. Two processes should be considered: (a) in
some sense, tuning could refer to the non-stationary
regime which occurs before stabilization of the pat-
tern. In other words, it would be a by-product of the
entrainment between control structures and environ-
ment – when sensory feedback turns the system into an
autonomous limit-cycle system; (b) at a lower level of
control, tuning could also be implemented as changes
in gain or time-constants of the neural oscillators. In
this respect, future work will involve the local ex-
ploration of control parameters using a mechanism of
Boltzmann exploration driven by a value system (see
Fig. 1 right). The authors have successfully used this
combination in a pendulating humanoid robot [18].

The issue of the mechanisms underlying the assem-
bly phase is very interesting. Though bouncing is in-
trinsically a rhythmic activity for which central pattern
generators are very suitable, there is no evidence that
newborn infants immediately use their limbs in a man-

ner consistent with the output of central pattern gener-
ators, and indeed, kicking movements are more plau-
sible candidates. Given that neural oscillators are usu-
ally modeled as a set of mutually inhibitory neurons,
the assembly phase could consist of a process whereby
the topology of a vanilla-type cell assembly is changed
over time, upon feedback from the environment, and
driven by a value system (based on amplitude of the
oscillations for instance).

Yet, this may not be sufficient to hypothesize a
valid model of child development as there is evidence
that kicking behaviors show patterns, in space, and in
time. In particular, Taga recently discussed the chaotic
dynamics of spontaneous movements in human in-
fants [25]. Thus, formulating the development of those
skills in a dynamical systems framework would be
highly desirable so that an appropriate set of adaptive
mechanisms could be implemented and tested against
human data. A single instance of such mechanism,
which has been extensively studied by Taga [12, 13] in
human infants, and by the authors [18, 26] in a robotic
system, is the alternate cycle of freezing and freeing of
degrees of freedom.
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