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Abstract— The authors propose a simulation method to clarify
the developmental process of human locomotion by using a model
of an infant robot. The infant robot has many degrees of freedom.
By making constraints and coordinating many DOF by using
”intensions” such as ”want to stay sitting,” or ”want to move
more forward,” etc., various motion patterns emerge according
to a particular intension. In this study, this type of intension was
given as the objective function and acquisition of motion pattern,
and was simulated as an optimization or learning problem. In
addition, dynamically changing the intension according to the
process of development, caused the motion pattern of the infant
robot to change, and it developed from sitting to crawling,
toward locomotion. We investigated the process of this type of
development of the infant robot with numerical simulations.

I. INTRODUCTION

Locomotion is one of the basic functions of a mobile
robot. Using legs is one of the strategies for accomplishing
locomotion. The strategy allows a robot to move over rough
terrain. Therefore, a considerable amount of research has been
conducted on motion control of legged locomotion robots. This
article treats the motion generation of an infant robot, with
emphasis on the emergence of crawling locomotion.

In the future, a walking robot that can carry out various tasks
on unstructured terrain will be required. The walking robot is
required to achieve real-time adaptability to a changing envi-
ronment. However, the mechanism from which the adaptive
motion pattern emerges is not clear.

Recent biological research and psychological research on
acquisition of motion have made great contributions and have
given crucial hints as to how to overcome such problems.
During spontaneous motion, such as crawling or straight
walking, a lot of joints and muscles are organized into a
collective unit to be controlled as if this unit had fewer degrees
of freedom, but at the same time to retain the necessary
flexibility for a changing environment [1]. Gesell pointed out
the principles of motor development in human infants [2].
According to that research, some developmental principles in
the acquisition of ontogenetic activities can be observed. One
is directional trends in the acquisition of ontogenetic activities;
others are functional asymmetry in ontogenetic activities and
self-regulation in ontogenetic activities. In addition, various
studies have been made on the acquisition of motion especially

that of locomotion [3]-[10]. Moreover, the development of
motions has been proposed as being a dynamic interaction
between the nervous and musculo-skeletal systems. Rhythmic
motion is generated by a central pattern generator (CPG) in
the spinal cord [11],[12]. Sensory feedback from the contact
sensors or joint angle sensors tunes the oscillation condition
of the CPG and makes the locomotion stable in limit cycle
[13],[14]. Furthermore, biological researches on mode transi-
tion of the locomotion according to the situation or variance
of the environment are actively going on [15]. Based on these
biological facts, researches have been conducted to clarify the
mechanism for humans’ acquisition of motion [16]-[19].

The knowledge acquired has inspired robotics researchers,
and a considerable amount of research has been done on
biologically inspired control systems for walking robots that
are based on the CPG controller model, and that will enable
them to adapt to variances in the environment [20]-[22].

In this article, we propose a new control system for ac-
quisition of the motion of an infant robot by using oscilla-
tors. The proposed control system consists of a spontaneous
locomotion controller, reflex controller, and tones controller.
The spontaneous locomotion controller is designed as follows.
A nonlinear oscillator is assigned to each hand or leg. The
periodic trajectory of each hand or leg is calculated as a
function of the phase of its oscillator. Touch sensors at the
tips of the legs are used to triggers dynamic interactions of
the legs. The mutual entrainment of the oscillators generates
an appropriate combination of phase differences according to
the context of the changing environment, and this leads to
a gait pattern. The network connections of the oscillators,
specifically, the phase differences of the oscillators, are tuning
parameters. These parameters are tuned according to a specific
intension, i.e., an objective function for learning or optimiza-
tion, such as stiffening joints or to moving forward at high
energy efficiency. The reflex controller generates asymmetrical
reflexes on antagonistic pairs of actuators. The idea of the
architecture of tones control of the actuators are inspired by the
biological studies. According to them, the tones are actively
and adaptively controlled by the neuronal system in the ’basal
ganglia’ [23]. And this neuronal system stabilizes the posture,
and obtains the stable locomotion by also controlling the



oscillation of central pattern generator in the spinal cord. In
this study, a type of tones controlling is considered as PD
feedback control by adaptively changing the gains. The tones
controller tunes the stiffness of the joints by changing the
feedback gains adaptively according to the situations of the
motion pattern of the system. These feedback gains are also
refined through learning or optimization.

We verified the effectiveness of the proposed control system
with numerical simulations and hardware experiments.

II. FRAMEWORK OF THIS STUDY

Figure 1 summarizes the developmental acquisition of mo-
tion pattern in human infancy.

In this study, developmental acquisition is divided into
four stages. In the first stage, the tones controller tunes the
stiffness of the joints of the neck, trunk, hips, arms, and
legs, in this order. In this stage, the intension of the infant is
considered as that of making the controllable body system to
perform a motion defined by a command signal. In the second
stage, primitive crawling locomotion emerges from using the
alternative motion of hands by applying an asymmetry reflex
to the hands’ contact with the ground. In this stage, legs are not
so skilled at generating propulsion force for locomotion. The
intension of this stage is considered that of moving forward. In
the third stage, adjustment of the tones of the legs’ actuator is
completed and the infant begins a perfect crawling locomotion
that is fast with high energy-efficiency. The intension of this
stage is considered as to move forward faster with less fatigue
of actuators. The last stage is bipedal. The intension of this
stage is considered as to raise the position of the eye higher.

In this article, these intensions are formulated as objective
functions that are heuristically and dynamically controlled
according to a particular developmental stage of the infant
robot. The feedback gains of the actuators that govern tones
(stiffness) of the joints and interaction strength among the
oscillators are selected as tuning parameters for learning or
optimization.
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Fig. 1. Growth cycle in acquisition of motions

III. MODEL

Figure 2 is a schematic model of the infant robot. This robot
has 28 DOF (Degrees of Freedom). The robot has a head,

a torso, two arms, and two legs. Each arm consists of two
links that are connected to each other through three degrees
of freedom, (DOF) rotational joints at the shoulders and a
one DOF rotational joint at the elbows. Each leg consists of
three links that are connected to each other through rotational
joints with three degrees of freedom (DOF) at the hip and
ankle, and a one DOF rotational joint at the knee. The torso
is composed of two parts, upper body and lower body. The
upper body and the lower body are connected through a three
DOF rotational joint. The arms and legs are connected to the
torso with three DOF rotational joints. The head is connected
to the torso with a three DOF rotational joint. Each subsystem
is enumerated as 0:Upper body, 1:Head, 2:Lower body, 3:Left
hand, 4:Right hand, 5:Left leg and 6:Right leg. We define r

(B)
k

and θ
(0)
k (k = 1, 2, 3) as the components of position vector

and Euler angle from inertial space to the coordinate system
that is fixed on the upper body, respectively. The joint angle of
the lower body to upper body is defined as θ(2). We also define
each joint angle of each corresponding joint, θ

(i)
j (i:subsystem

no., j:joint no.).

1 DOF Joint
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Fig. 2. Schematic model of infant robot

The state variable is defined as follows;

qT =
[

r(B)T θ(0)T θ(1)T θ(2)T θ
(3)T
1 · · · θ

(6)T
3

]
(1)

Equations of motion for state variable q are derived using
Lagrangian formulation as follows;

Mq̈ + H(q, q̇) = G + T + Λ (2)

where M is the generalized mass matrix and the term Mq̈
expresses the inertia. The nonlinear term which includes
Coriolis forces and centrifugal forces is H(q, q̇), and G is
the gravity term. The component of T vector T

(i)
j and T (B)

are the input torque of the actuator at joint j of subsystem
i and at the joint of torso. Λ is the reaction force from the
ground at the point where the tip of the leg makes contact. We
assume that friction exists between the ends of the legs and



the ground. In this study, the candidates of the contact point
of the robot body are guessed to be elbows, shoulders, knees,
and four points at the rectangular corners of the feet.

The model of friction between the contact points of the ends
of hands or legs and the ground is given as follows;


Λi

j = −KE,floorΦi
j − KV,floorΦ̇i

j |Λi
j| < µΛi

3

Λi
j = −µΛi

3 − KV,frictionΦ̇i
j Λi

j < −µΛi
3

Λi
j = µΛi

3 − KV,floorΦ̇i
j Λi

j > µΛi
3

(3)

j = 1, 2

where Λi
j , j = 1, 2 are horizontal friction force and

Λi
3 is vertical reaction force at contact point i, respectively.

KE,floor,KV,floor , KV,friction and µ are elastic coefficient
and viscous coefficient of the visco-elastic model of the
contact motion, the coefficient of viscous coefficient of friction
of the floor, and the coefficient of stiction, respectively. The
position of the end of hand or knee at contact point i is
expressed as vector Φi

j in the inertial space with the component
of j = 1, 2, 3.

IV. CONTROL SYSTEM

The architecture of the proposed control system is dia-
grammed in Fig. 3. The proposed control system has upward
signal-flow and downward signal- flow. An oscillator for deter-
mining the rhythm and phase difference of periodic motions
during locomotion is assigned for each leg, each hand, the
torso, head, and a pace maker. The state of the oscillator for
each part is expressed as follows;

z(i) = exp(j φ(i)) (4)

i = 3, · · · , 6 (subsystem no.) (5)

z(B) = exp(j φ(B)) (6)

zpace = exp(j φpace) (7)

where φ(i),φ(B) and φpace are the phase of oscillator i, torso
and that of the pacemaker oscillator.

The pattern generator has the nonlinear oscillator network
illustrated in Fig. 4, and it encodes the nominal trajectory of
each joint angle of the hand and leg in terms of the phase of
the oscillator that is given to the actuator inputs as a command
signal. The tones controller tunes and varies the joint stiffness
to correspond to the motion.

On the other hand, feedback signals of the contact sensors
or attitude sensors are given to the reflex controller, and a
pattern generator that is a learning or optimization process
for the system. First, the contact sensor signal is input to
the reflex controller as feedback signal. The reflex controller
makes an immediate reflex to the contact signal or attitude
signals to stabilize the posture of the torso. Then, the signal
is also input to the pattern generator to reset the oscillator
phase from the swinging stage to the supporting stage at the
moment of contact, and vice versa. This dynamic interaction
loop between pattern generator, environment, and actuator
motion creates mutual entrainment and obtains a stable limit
cycle for locomotion. Furthermore, the proposed system has
a learning or optimization mechanism of using the feedback

signal of the sensors. This system-tuning mechanism optimizes
the parameters of the phase difference of the oscillators,
actuator stiffness, and the amplitude of the synchronizing torso
twisting motion.

The oscillator network in the pattern generator is formulated
as follows;

φ(i) = φpace + γ(i) (8)

φ(B) = φpace + γ(B) (9)

where γ(i),γ(B) are the phase differences of oscillator i and
torso to the pacemaker.

The trajectories of the hands and legs r
(i)
j (j:joint no.) are

given as function of the oscillator phase as follows;

r
(i)
j =

{
fsw(φ(i)) Swing stage
fsp(φ(i)) Support stage

(10)

The motion of the torso is a periodic one as follows;

θ(2) = At sin(φ(B)) (11)

The desired angle of each joint is calculated as a function
of oscillator phase as follows;

θ̂
(i)
j = θ

(i)
j (r(i)

j (φ(i))) (12)

i = 3, · · · , 6 subsystem no. j : joint no. (13)

The actuator inputs are designed as follows;

T
(i)
j = K

(i)
Pj(θ̂

(i)
j − θ

(i)
j ) − K

(i)
Dj θ̇

(i)
j (14)

T (B) = KPB(θ̂(2) − θ(2)) − KDB θ̇(2) (15)

(16)

where K
(i)
Pj ,K(i)

Dj ,KPB and KDB are feedback gains and
these parameters are controlled as the tones of the actuators
and are tuned in the learning process or optimization in the
developmental process.

A. Optimization

The parameters in the control system are tuned to generate
motion patterns such as crawling locomotion. Optimization
parameters are as follows;

C = [K(i)
Pj , K

(i)
Dj, KPB , KDB, γ(i), γ(B), At] (17)

The objective function U is given as follows;

U = α

∫ t

0

∑
i,j

(θ(i)
j − θ̂

(i)
j )dt

+β

∫ t

0

||r(B)||dt + wP (18)

P =
∫ t

0

∑
i,j

T
(i)T
j θ̇

(i)
j dt (19)

where w is weight parameter. α and β are intension pa-
rameters which makes orientation of the development. These
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parameters are heuristically controlled as time sequence as
follows;

α + β = w (20)

α � β early stage on development (21)

α ∼ β middle stage on development (22)

α � β last stage on development (23)

In this article, for simplicity of the problem, simulated
annealing (SA) method is adopted for the optimization method.

V. NUMERICAL SIMULATION

We implemented numerical simulations to verify the ef-
fectiveness of the proposed control system. Table 1 lists the
physical parameters of the robot that was are used in numerical
simulations.

Table 1. Physical parameters

Segment length [m] Segment mass [kg]
Head 0.16 Head 1.0
Torso 0.35 Torso 6.2
Upper arm 0.12 Upper arm 0.19
Lower arm 0.14 Lower arm 0.20
Thigh 0.11 Thigh 0.41
Shank 0.12 Shank 0.21
Foot 0.06 Foot 0.12

The nominal time period of the swinging stage was chosen
as 0.25 [sec]. First, we investigated the tuning properties
of the feedback gains. Figures 5 and 6 are optimization
profiles ( i.e., training profiles) of feedback gains K

(i)
Pj and

K
(i)
Dj , respectively. The feedback gains were well tuned and

converged to appropriate values, and these gains made the
joints of the body, hands, and legs adequately stiff to control
the motions effectively.

Figure 7 shows the training properties of the phase dif-
ferences of the oscillator network in the pattern generator.
We found that the converged values indicated the locomotion
pattern was a diagonal sequence, i.e., left hand and right leg
were in phase, right hand and left leg were also in phase,
while left and right hands or legs were anti-phase. This phase
difference made an effective crawling locomotion and the
locomotion was smooth.

Figure 8 displays the simulation result of the crawling
locomotion of the infant robot when it was well trained on
its developmental parameters. In this case, the robot used
a twisting motion of its torso and achieved a stable and
low-energy-cost crawling locomotion. This result implies that
the feedback signal of the contact sensor created mutual
entrainment of the oscillators, body, and environment, and it
achieved a stable limit cycle. Moreover, the appropriate phase
difference for the hands, torso, and legs was obtained through
the developmental training, i.e., the learning or optimization of
control parameters. On the other hand, Fig. 9 shows snapshots
of the crawling motion of the untrained robot. We found that
in this case the robot lost its stable posture during locomotion.
This result was due inappropriate phase differences of the
oscillators, and too much actuator stiffness.

Figure 10 shows the vertical reaction force at the contact
point between the leg and the ground. This is for the well-
trained robot. We found that the robot had a constant walking
cycle and a limited cycle of crawling locomotion. On the other
hand, Fig. 11 shows the case of the untrained robot. In this
case, the time period from one contact moment to the next
contact moment, i.e., the walking cycle, was not constant,
but fluctuated. This means the robot had no stable limit cycle
in crawling locomotion. Indeed, the robot could not continue
stable locomotion and finally fell down.

From these figures, one can see that the robot with the
proposed control system could be well trained, could obtain
appropriate actuator stiffness and locomotion conditions, and
could autonomously achieve stable crawling locomotion.
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The effectiveness of the proposed control system was veri-
fied by these results.

Furthermore, we may note that the order of intension
parameter dominance, that is, the dynamics of the constraint
conditions for learning or optimization, is very important
for motion acquisition. Indeed, when the order of intension
parameter dominance for tuning the controller was changed
from that of Eqs. (20) – (23), we could not obtain the crawling
locomotion or appropriate joint stiffness, at least within a
practical simulation time.

VI. CONCLUSION

This paper presented a simulation method for simulating,
and thereby clarifying, the development process of human
locomotion that uses a model of an infant robot. The infant
robot has many degrees of freedom. By making constraints
and coordination for many DOF of using ”intensions” such
as ”want to stay sitting,” or ”want to move more forward,”
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etc., various motion patterns emerge according to a specific
intension. In this study, this type of intension is given as the
objective function and development of motion pattern, and is
simulated as an optimization or learning problem. Dynami-
cally changing the intension according to the development
process changed the motion pattern of the infant robot, and
it developed from sitting to crawling, toward locomotion. We
investigated the process of this type of development in the
infant robot with numerical simulations.
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