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Abstract. This paper proposes a locomotion control system for biped
robots by using a network of Central Pattern Generators (CPGs) imple-
mented with Matsuoka’s oscillators. The proposed control system is able
to control the system behaviour with a few parameters by using simple
rhythmical signals. A network topology is proposed in order to control
the generation of trajectories for a biped robot in the joint-space both in
the sagittal and coronal planes. The feedback signals are directly fed into
the network for controlling the robot’s posture and resetting the phase of
the locomotion pattern in order to prevent the robot from falling down
whenever a risk situation arises. A Genetic Algorithm is used to find
optimal parameters for the system in open-loop. The system behaviour
in closed-loop has been studied and analysed through extensive simu-
lations. Finally, a real NAO humanoid robot has been used in order to
validate the proposed control scheme.
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1 Introduction

Biped locomotion is a complex problem that requires a robust control system
that deals with several unexpected situations that can arise during the robot’s
motion. Thus, the locomotion system should allow a natural integration of three
fundamental aspects: the robot’s body, the environment and the control system.
This control system basically consists of two stages. The first stage is responsible
for the generation of the locomotion pattern, whereas the second stage is respon-
sible for introducing feedback into the system in order to modulate the current
locomotion pattern such that stability may be recovered whenever unexpected
situations appear while the robot walks.

The generation and control of locomotion patterns have been addressed in
several ways for humanoid robots that use electric motors for controlling the
motion of their joints. Basically, the main objective is the generation of reference
signals for the robot’s joints, either as an angular displacement or as a torque in
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order to describe a stable motion. These signals are mainly generated through
either pre-computed trajectories or trajectories computed in real-time through
diverse control schemes. For example, the most common methodology to generate
biped locomotion is by using simplified dynamic models of the humanoid robot’s
body in order to describe the trajectories for the robot’s arms and legs in the
task-space. These approaches are mainly based on a controller of the position of
the Zero Moment Point (ZMP), which is used to ensure the robot’s stability [1].

Alternatively, biological studies have shown that neural networks control the
locomotion of vertebrate and invertebrate animals. These networks are called
Central Pattern Generators. They are constituted by a set of neurons that can
generate complex multi-dimensional rhythmic signals with simple input signals
for controlling coordinated periodic movements. Currently, there is a growing
interest in CPGs for controlling different types of robots [2]. Thus, some ap-
proaches recently used to solve the biped locomotion problem have been inspired
by CPGs. The first studies about biped locomotion with CPGs were conducted
by Taga, who investigated the use of CPGs for controlling the walking of a
simulated humanoid robot on a 2D plane [3], [4].

The control systems for biped locomotion based on CPGs can be classified
into CPG-joint control methods (e.g. [5]) and CPG-task-space control methods
(e.g. [6], [7]). The first one aims at the appropriate generation and control of
the multidimensional control signals in the joint-space through a CPG network
that generates the coordinated locomotion. In the second approach, CPGs are
used in the task-space to describe the Cartesian-space trajectories for the robot’s
joints. In that case, it is necessary to solve the inverse kinematics to determine
the joint signals in order to control the biped locomotion.

In this work, a control system based on CPG-joint control methods is pro-
posed in order to generate simple rhythmical signals for locomotion control of
biped robots. The system behaviour is characterized by a reduced number of
parameters. In an off-line stage, the parameters that characterize the walking
pattern are determined by means of dynamics simulations. Afterwards, in an on-
line stage, those parameters are directly tested on the humanoid robot in order
to validate the obtained locomotion pattern. This paper is organized as follows.
Section 2 describes the proposed controller based on a CPG network for genera-
tion of biped locomotion patterns. Section 3 presents some automatic feedback
strategies implemented in the proposed CPG network. Section 4 discussed the
obtained experimental results. Finally, conclusions and future work are given in
Section 5.

2 Generation of Biped Locomotion Patterns

The proposed biped motion controller is based on a CPG network. The goal is
to generate the signals for the angular displacement of each of the robot’s joints
in order to describe a valid locomotion pattern. The combination of parameters
of the proposed network is found by evaluating the locomotion performance
through dynamics simulations by applying a genetic algorithm.
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Fig. 1. Matsuoka’s non-linear oscillator generalized to be applicable to a system with
multiple degrees of freedom, as proposed in [10]

2.1 Basic Oscillator

The proposed CPG network is modelled by means of a set of interconnected non-
linear oscillators previously proposed by Matsuoka in [8], [9]. The formulation
of the Matsuoka’s oscillator has been generalized to be applicable to a system
with multiple degrees of freedom, as proposed in [10]. In the present work, the
connections between oscillators are established in a single direction in order
to control the desired output phases corresponding to the outputs of the CPG
network. Each non-linear oscillator consists of two tonically excited neurons with
a self-inhibition effect, which are reciprocally linked via inhibitory connections,
as shown in Fig. 1. Each oscillator has four state variables (u1i, v1i, u2i, v2i). Its
behaviour is described by (1) and (2). In this mathematical model, subscript 1
corresponds to the extensor neuron and subscript 2 to the flexor neuron, with
num representing the number of oscillators.{

τu̇1i = −u1i − w0y2i − βv1i + ue + f1i + as1i
τ ′v̇1i = −v1i + y1i

y1i = max(0, u1i), i = 1, ..., num (1)



530 J. Cristiano, D. Puig, and M.A. Garćıa

{
τu̇2i = −u2i − w0y1i − βv2i + ue + f2i + as2i
τ ′v̇2i = −v2i + y2i

y2i = max(0, u2i), i = 1, ..., num (2)

The external input ue affects the amplitude of the oscillator output, whereas
its frequency is determined by the time constants τ and τ ′ [11]. The set of
parameters must satisfy some requirements in order to yield stable oscillations
[12]. The terms f1i and f2i are feedback variables. They can be used to control
the output amplitude and phase. Parameters s1 and s2 represent the interaction
between neighbouring oscillators within the CPGs. They are defined as (3),
where wij represents the unidirectional connection weight between a master
oscillator, Oj , and a slave oscillator, Oi. Only two types of connections between
oscillators are possible:

1) Excitatory connection: The weight wij is set to 1 in this case.
2) Inhibitory connection: In this case, the weight wij is set to -1.

s1i = wiju1j

s2i = wiju2j (3)

The output signals of the oscillators are calculated using (4). They are used
to directly control the joints of the humanoid robot.

oi = −m1y1i +m2y2i (4)

In order to modulate the frequency of the oscillator, an additional parameter,
kf , is introduced as proposed in [13]. The time constants in (1) and (2) are thus
reformulated as:

τ = τokf

τ ′ = τ ′okf , (5)

where τo and τ ′o are the original time constants of the Matsuoka’s oscillator. For
certain values of its parameters, an oscillator will generate a periodic oscillation
by itself. However, when a network of oscillators is set, they all oscillate together
according to the network connections, converging to a specific pattern and limit
cycle. Table 1 shows the internal values used for each non-linear oscillator. Figure
2 shows the output signals for the aforementioned parameters. Basically, the
objective is to generate a periodic output signal with a stable limit cycle.

2.2 Proposed CPG Network

The main goal of the proposed CPG network is to generate stable patterns for
controlling the motion of the humanoid robot. This network generates the motion
of the robot arms and synchronizes them with the motion of its legs in order
to yield a more stable walking pattern. The proposed CPG network follows a
master-slave topology, in which a central non-linear oscillator is used to drive
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Table 1. Oscillator parameters

Parameter Value Parameter Value

τo 0.2800 ue 0.4111
τ ′
o 0.4977 m1,m2 1
β 2.5000 a 1
w0 2.2829 kf 0.2193
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Fig. 2. Oscillator outputs for the fixed internal oscillator parameters defined in Table 1

the different joints of the robot through slave oscillators associated with each of
those joints.

The central oscillator is referred to as a pacemaker oscillator, since it generates
the first electrical impulse or master signal that is propagated across the other
oscillators in the different chains of the robot (left arm in the sagittal plane, right
arm in the sagittal plane, left leg in the sagittal and coronal planes and right
leg in the sagittal and coronal planes). The concept of pacemaker oscillator was
introduced in [14]. However, they did not utilize it to directly control the angular
displacement of joints with the CPG outputs. If the pacemaker oscillator does
not have any input or feedback signal, it exclusively oscillates according to its
internal parameters.

The proposed CPG network has been designed in order to imitate the human
gait, which has the following features:

1. The arms’ motion in the sagittal plane is in anti-phase.

2. The legs’ motion in the sagittal plane is in anti-phase.

3. The two motions mentioned above are in anti-phase, that is, the motion of
the right arm is synchronized with the motion of the left leg, whereas the
motion of the left arm is synchronized with the motion of the right leg.
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Fig. 3. Proposed topology for the CPG network

4. The coronal motion of legs is synchronized with the sagittal motion of legs in
order to generate the periodic motion by changing the location of the center
of masses.

The large number of parameters is one of the main drawbacks when dealing
with CPG networks. In order to minimize this problem, all oscillators have been
configured with the same parameters presented in Table 1. The parameters of
the CPG network shown in Fig. 3, which characterize the locomotion pattern of
a biped robot are: seven gains (kf , GAIN1 ,GAIN2, GAIN3, GAIN4, GAIN5,
GAIN6) and four offsets (BIAS1, BIAS2, BIAS3, BIAS4). Parameter kf can be
utilized for changing the walking speed, since it controls the locomotion pattern’s
frequency, achieving an extra control on the robot’s velocity. This is an important
feature, since it is possible to modulate the locomotion pattern’s frequency with
a single parameter.

2.3 Automatic Estimation of CPG Network Parameters through
Genetic Algorithms

Evolutionary algorithms are typically used to solve high-dimensional optimiza-
tion problems. These algorithms have proven to be a good approach for finding
the parameters associated with CPG networks. A genetic algorithm has been ap-
plied off-line in order to calculate the CPG network parameters with the objec-
tive of describing an optimal locomotion pattern in straight line. Each individual
of the genetic algorithm represents a different combination of parameters for the
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Fig. 4. Chromosome structure

proposed CPG network. In particular, each individual is modelled by a chromo-
some with 11 traits that represent the combination of parameters of the CPG
network, as shown in Fig. 4. The genetic algorithm has been initialized in this
work with a randomly selected initial population of 200 individuals. This number
was heuristically set after a large amount of simulations. The locomotion pattern
associated with every individual has been evaluated during 16 seconds using a
dynamics simulator and a 3D synthetic model of the robot in order to allow the
robot to walk a significant distance for calculating its fitness value. If the robot
falls down or strongly oscillates during that evaluation period, the fitness value
is set to zero for the current individual. Otherwise, its fitness value is calculated
as follows. The individual with the best fitness score proceeds to the next gen-
eration. The other individuals are chosen based on the roulette wheel selection
rule. In particular, each individual is given a probability of being selected that is
proportional to its fitness value. This rule makes it possible to select individuals
with a low score, thus preventing a fast convergence of the genetic algorithm to
a local maximum. The individual with the best fitness score and the selected
individuals from the current generation constitute a mating pool. Crossover and
mutation procedures are then applied in order to obtain the individuals of the
next generation. The simulation stops when a maximum number of generations
is reached or the variation of the fitness function is lower than a given threshold
ε (ε = 0.01 in this work). The fitness function used for sorting the individuals
in each generation has been formulated as (6), where vel represents the average
straight line velocity, dev is the lateral deviation distance with respect to the
straight line, α and γ are weighting coefficients.

f = α(vel)− γ(dev) (6)

3 Introduction of Feedback Strategies into the System

This section presents some automatic feedback strategies implemented in the
proposed CPG network in order to modulate the locomotion patterns obtained
with the methodology explained above. This modulation is performed accord-
ing to the analysis of the available feedback signals in order to compensate for
internal mismatches or external perturbations. It takes advantage of the ability
of the CPGs for adapting their behaviour through external feedback variables
introduced in the CPG model. The feedback strategies are introduced into the
system as explained below.
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3.1 Phase Resetting Controller

Whenever a humanoid robot walks on flat terrain, it interacts with the floor
through its feet soles. If the robot is walking at a constant speed on flat terrain,
the elapsed times between the transition from the left to the right foot and from
the right to the left foot should be approximately equal. This indicates that
the walking pattern is symmetric and the robot is correctly interacting with the
floor.

However, if the robot is walking on irregular terrain, the interaction times
with the floor can be modified. For instance, if the robot steps on an obstacle
or if it is experimenting an external perturbation, the interaction time could be
smaller or higher for one or both interaction times. The information extracted
from these time measures is used to synchronize the interaction between the feet
and the floor by means of phase resetting. It aims to synchronize the pattern
generation with the current interaction between the robot and the environment.

As explained above, the model proposed by Matsuoka for the non-linear oscil-
lator is used in this work. To our knowledge, the phase resetting of the oscillator’s
output has not been implemented in Matsuoka’s oscillator to control the biped
locomotion. In the study presented in [15] by the same author, some initial stud-
ies about the phase resetting behaviour in the oscillator are presented. In that
work, two phase response curves of the oscillator for slow and fast dynamics are
presented. These curves show that the phase shift introduced in the oscillator
output depends of the oscillator internal parameters and also on the current
phase of the output signal. These phase response curves have a non-linear be-
haviour. In order to adequately control the phase resetting through the current
interaction times between the robot and the floor, it is necessary to exactly im-
pose the needed phase difference. By using the phase response curves, the phase
resetting cannot be easily controlled since it can happen in whatever instant of
the gait due to irregularities in the walking terrain or perturbations that can be
applied to the robot.

Therefore, an alternative strategy for controlling the phase resetting is pro-
posed in this work by using the feedback signals of the original Matsuoka’s
oscillator model in order to adequately control the phase of the oscillator’s out-
put signal. This is done by controlling the current state of the oscillator variables
through the feedback signals in order to reset the phase of the output signal.
The introduction of this feedback in the oscillator model is presented below.

The mathematical model of each oscillator has two feedback variables, referred
to as f1 and f2. If these variables have a positive value, they can be used to
control the oscillator’s output amplitude in real-time. Otherwise, if they are
negative and with specific values, it is possible to control the time during which
the output signal is disabled and then turn it on again in order to impose the
required phase for the output signal. If these variables are set to zero, there is
no effect on the oscillator output.

In this work, the phase resetting mechanism is implemented in the pacemaker
oscillator. The output signal imposed by the central oscillator is propagated
along the slave oscillators in order to synchronize the interaction between the
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Fig. 5. Phase resetting

robot and the floor in real-time, aiming to prevent the robot from falling down
due to an unstable situation.

The exact moment of impact between each robot’s foot sole and the floor is
detected through the analysis of the signals provided by the force sensors located
in the feet soles. These force measures are used to calculate the elapsed time
between the change in the robot’s support leg. If this time is smaller or higher
than some fixed limits determined by the current walking frequency, the phase
resetting mechanism is activated in order to synchronize the interaction between
the robot feet and the floor. The phase resetting mechanism implemented for
the pacemaker oscillator is described in Fig 5. The zero phase for the pacemaker
oscillator signal is defined as the point of transition of the pacemaker oscillator
amplitude from a negative value to a positive value.

3.2 Pose Controller

In a bipedal gait, the robot’s trunk pose during motion must be controlled since
it has a higher concentration of mass and, therefore, it plays an important role
in the robot’s stability. A feedback strategy to control the robot’s pose through
the control of the pose in the sagittal plane is implemented. In order to maintain
the robot’s trunk in a correct pose, parameter BIAS1 is modified for controlling
the pitch angle of the trunk according to:

BIAS1new = BIAS1 +K1(θtrunk − θ̂trunk), (7)

where BIAS1new is the new value for the parameter BIAS1, θ̂trunk is the refer-
ence value for the trunk inclination in the sagittal plane and θtrunk is the current
inclination in the sagittal plane for the trunk provided by the robot sensors.
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Table 2. Fixed angles for other joints

Joint name Angle [radians] Joint name Angle [radians]

HeadPitch 0 LShoulderRoll 0.23
HeadYaw 0 LElbowYaw -1.51

RShoulderRoll -0.23 LElbowRoll -0.5
RElbowYaw 1.51 HipYawPitch 0
RElbowRoll 0.5

4 Experimental Results

In order to validate the proposed controller, a NAO humanoid robot has been
used [16]. The proposed CPG network, shown in Fig. 3, aims at imitating the
main features of the human gait in order to describe a biped motion by specifying
the phase differences for 12 joints of the sagittal and coronal planes. This network
is able to generate a 3D motion in both simulated and real environments. The
motion control of the arms is performed through position control of the shoulders
in the sagittal plane. The other joints in the arms, hip and head have constant
angles that aim to mimic an upright walking pose. These angles are shown in
Table 2.

The robot simulations have been performed with Webots [17], a commercial
dynamics simulator that includes the physical models of different real robots and
is able to simulate the dynamic interaction between the robots and the simulated
environment.

The genetic algorithm works in coordination with the CPG network and the
robot simulator in order to estimate the best combination of CPG parameters
within the predefined search space. The aim is to control the signals of the robot
joints through the CPG network in order to generate an optimal locomotion
pattern. The genetic algorithm was initialized in this work with an initial popu-
lation of 200 chromosomes. The crossover probability was set to 80 percent and
the probability of mutation to 10 percent. Those values were heuristically set
after a large number of simulations.

When the frequency of the locomotion pattern is higher than 2.28 Hz, the
simulator is unable to reproduce the real interaction between the feet soles and
the floor, leading to a noticeable deviation between the simulated motion pattern
and the real one. Therefore, the maximum frequency allowed for the simulated
locomotion pattern has been set to 2.28 Hz, which is reached with kf = 0.2.

Table 3 shows the different limits that have heuristically been defined for the
gains and offsets. Those limits define the search space of the genetic algorithm.
Figure 6 shows the results obtained with the simulator in order to find out the
optimal locomotion pattern in straight line. The weighting coefficients α and γ
have heuristically been set to in 80 and 100 respectively. The CPG parameters
shown in Table 4 were finally obtained through the proposed methodology. The
total simulation time was 132 minutes on an Intel Core 2 Quad Q9400 processor
at 2.66 GHz with 8GB of RAM.
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Table 3. Genetic algorithm search space

CPG network Parameter CPG network Parameter
parameters range parameters range

GAIN1 0.01 - 1.00 BIAS1 -0.90 - 0.00
GAIN2 0.01 - 1.00 BIAS2 0.5 - 1.2
GAIN3 0.01 - 0.50 BIAS3 -0.70 - 0.00
GAIN4 0.01 - 0.50 BIAS4 1 - 2
GAIN5 0.01 - 0.50 kf 0.2 - 0.5
GAIN6 0.01 - 1.00
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Fig. 6. Simulation results obtained with the genetic algorithm

Table 4. CPG network parameters found by the GA

CPG network Value CPG network Value
parameters parameters

GAIN1 0.24555 BIAS1 -0.60598
GAIN2 0.18665 BIAS2 0.70700
GAIN3 0.11685 BIAS3 -0.30590
GAIN4 0.40850 BIAS4 1.4797
GAIN5 0.43000 kf 0.462
GAIN6 1.00000

In order to feedback the system, the phase resetting mechanism described
above was implemented in the pacemaker oscillator. One example of the phase
resetting mechanism is shown in Fig. 7. The value for the parameter K1 in (7)
was experimental set to 10 in order to control the robot’s vertical pose.

For testing the robustness of the proposed closed-loop system, an environ-
ment with diverse classes of obstacles on the walking terrain was designed. Those
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Fig. 8. Snapshots of the simulation and real experiments

obstacles have round, triangular and rectangular shapes such as is shown in the
simulation experiments. Due to their shape, those obstacles produce forces in
different directions in the robot’s feet soles while it is walking on those obsta-
cles and as a consequence, different types of perturbations are presented. These
perturbations are used to test the robustness of the feedback system in order to
mainly prevent the robot from falling down while it is exposed to unexpected
situations. The system provides feedback to the locomotion pattern that is being
generated on-line in order to modify the joint signals for preventing the robot
from falling down. The proposed methodology has been validated on a real NAO
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humanoid robot. Comparative videos between the results obtained in simulation
and the real environments have been included in the companion website1. Some
snapshots with simulated and real experiments are shown in Fig. 8.

5 Conclusions

A control architecture has been proposed to control the locomotion of a biped
robot by using a CPG network based on Matsuoka’s oscillators. A new CPG net-
work has been proposed whose parameters are determined through evolutionary
computation in order to generate optimal biped locomotion patterns. These pat-
terns are generated in the joint-space by controlling the angular displacement
of the robot’s joints both in the sagittal and coronal planes. A feedback mecha-
nism is introduced in the network to modulate the locomotion patterns according
to the current sensory feedback in order to compensate for internal mismatches
and external perturbations. The feedback is performed by controlling the robot’s
pose and the interaction between the robot and the floor through phase resetting
of the pacemaker oscillator. The system behaviour is characterized with a few
parameters using simple rhythmical signals.

Experimental results have validated the proposed methodology on a NAO
humanoid robot. It can be easily adapted to other biped robots with a similar
structure of joints after performing the corresponding changes (robot model,
limits for the genetic algorithm search space, etc.).

Future work will include the study of the parameters that characterize the
CPG network in order to find out a mathematical description that automatically
finds the optimal values for the variables of the model.
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