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Abstract— The ability to traverse a wide variety of terrains
while walking is basically a requirement for performing useful
tasks in our human centric world.

In this article, we propose a bio-inspired robotic controller
able to generate locomotion and to easily switch between dif-
ferent type of gaits. In order to improve the robot stability and
response while locomoting, we adjust both the duty factor and
the interlimb phase relationships, according to the velocities.

We extend previous work, by applying nonlinear oscilla-
tors to generate the rhythmic locomotor movements for a
quadruped robot, similarly to the biological counterparts. The
generated trajectories are modulated by a drive signal, that
modifies the oscillator frequency, amplitude and the coupling
parameters among the oscillators, proportionally to the drive
signal strength. By increasing the drive signal, locomotion
can be elicited and velocity increased while switching to the
appropriate gaits. This drive signal can be specified according
to sensory information or set a priori.

The implementation of the central pattern generator network
and the activity modulation layer is shown in simulation and
in an AIBO robot.

I. INTRODUCTION

Animals use different gaits to suit the walking speed, using

statically stable gaits for slower speeds and dynamically sta-

ble gaits for faster speeds. Under some conditions of motion,

a certain gait is more adequate for reasons that are related to

stability, speed, energy efficiency, terrain properties, mobility

or structure of the animal [1]. At all walking speeds the

onset of swing in a foreleg occurs just after the onset of

stance in the ipsilateral hind leg. Thus, phase relationships

between diagonal limbs gradually reach synchronization with

the increase of speed (decrease of duty factor) [1], i.e., both

the duty factor and the interlimb phase relationships should

be changed according to the speed increase. This improves

the stability of the locomotion because the support of the

body smoothly changes from three points support (walk) to

two points support (trot) [2], [3], [4].

This gait switching problem has already been addressed in

robotics [5], [6], [7], [3], [2]. However, the obtained results

are somehow limited for several reasons: whether the robots

were specifically designed for the control strategy, or the

strategy was restricted to a small number of legs or only one

gait was explored.

Vı́tor Matos and Cristina Santos are with Industrial Electronics
Department, School of Engineering, University of Minho, 4800-
058 Guimaraes, Portugal vmatos@dei.uminho.pt,
cristina@dei.uminho.pt

Carla Pinto is with Instituto Superior de Engenharia do Porto, Centro
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In this work, we propose a controller architecture

for robotic quadruped locomotion. This architecture must

be able to generate different motor behaviours for a

robotic quadruped, namely locomotion initiation, smooth gait

switching according to speed change and to stop locomotion.

Further, the architecture is only feed with a unique signal,

a modulatory drive, which elicits one of these motor be-

haviours. This signal can be set a priori or according to

sensory information.

The architecture is bio-inspired in the vertebrate biolog-

ical motor systems [1], [8], [9], [10], and is structured in

functional hierarchical layers according to their level of

abstraction. Similar ideas are presented in [11].

The lower level addresses the role of the spinal cord and

generates the motor patterns by networks of Central Pattern

Generators (CPGs). Based on previous work [12], [13], [14],

we apply (oscillator-based) differential equations to model a

network of four coupled limb-CPGs. This network produces

coordinated rhythms of motor activity, i.e. the correct pattern

for locomotion. These systems are solved using numerical

integration and sent to the lower level PIDs of the joints.

Unidirectional communication from layer two to one hap-

pens through specification of the CPG parameters that control

layer one.

The second layer models very basically the brainstem

command centers for initiating, regulating and stopping

CPGs activity and therefore initiate a walking gait, switch

among gaits and stop the locomotion. This layer receives a

modulatory signal which strength is mapped onto different

sets of the CPG parameters, and hence result in the different

motor behaviours.

In this sense, this contribution represents a step forward in

the attempt to achieve flexible, adaptive goal-directed loco-

motion. The proposed controller is simpler when compared

to other solutions [15], enables to elicit behavior switching,

and improves the stability and the response of the robot

during its locomotion, for the various velocities.

The proposed system is implemented and tested in both, a

simulated environment and a real robot. Results demonstrate

that stability does not change abruptly as without this gradual

interlimb phase adjustment, but rather decreases approxi-

mately linearly when velocity increases. Further, behavior

switching is smoothly and easily achieved by simple mod-

ification of a single drive signal. Results also show how

behavior switching can be elicited from sensory information.
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II. NEURAL STRUCTURES FOR LOCOMOTION IN

VERTEBRATES

Intensive biological research has provided a description

of the neural basis involved in locomotion generation [8],

adaptation [16] and goal-directed locomotion [9].

Basically, networks of Central Pattern generators (CPGs),

located at the spinal level, generate the motor pattern. These

networks of CPGs control much of the timing, pattern,

amplitude and rhythm of muscle activation [17].

The initiation and regulation of the activity of these net-

works is determined from the brainstem locomotor command

systems [18]. Different stimulation strengths induce gait

transitions, such that low stimulation gives rise to the slow

walking gait and progressively greater strength will induce

changes from walking to trotting to galloping. Meaning that,

in quadrupeds, the speed of locomotion increases and there

are changes in interlimb coordination.

This organization appears to be conserved throughout

vertebrate evolution [9].

The nervous system contains several different motor be-

haviours, stored as motor programs, designed to solve a va-

riety of motor tasks, from simple to complex. Once activated

and timed, these motor behaviours will produce different

types of motor tasks.

A. Gait transition

During locomotion, quadruped walking animals have to

usually move their legs in a manner that provides the suitable

forward force at a minimal energy expenditure while main-

taining their equilibrium. This coordinated cyclic manner of

lifting and placing the legs on the ground, called a gait,

is important for equilibrium stability and the step cycle

sequence is typical for vertebrates: left forelimb (LF), right

hindlimb (RH), right forelimb (RF), and left hindlimb (LH).

In general, the number of step cycles per second increases

as the speed of locomotion increases [1]. This corresponds

to a reduction in the step cycle duration almost exclusively

due to a shortening of the stance phase (limb in contact with

the ground), whereas the swing phase (no ground contact) is

kept nearly constant.

Quadrupedal gaits are classified according to the duration

of their stance phases [4], i.e. their duty factor values, and

their relative phases. In general, the duty factor β reduces as

the speed increases.

The considered crawl and trot gaits are symmetric gaits,

meaning that the two legs of the same girdle are 0.5 out

of phase. These gaits are singular (two or more legs are

simultaneously lifted or placed during a stride) and regular

(all the legs have the same duty factor).

Herein, we assume that at all walking speeds the onset of

swing in a foreleg occurs just after the onset of stance in the

ipsilateral hind leg [1]. In order to achieve this, we use the

wave gait rule: the gait phase (ϕ3) follows the value of the

duty factor (β ). The use of this rule improves the stability

of the locomotion [2], [4], [3]. We calculate the stability

margin [2] which decreases approximately linearly with the

velocity increase (see results).

III. LOCOMOTOR MODEL

We propose an architecture inspired in the vertebrate bio-

logical systems [9],structured in two functional hierarchical

layers with different levels of abstraction. The lower level

addresses the role of the spinal cord and generates the motor

patterns by networks of CPGs. The second layer models

very basically the brainstem command centers for initiating,

regulating and stopping CPGs activity and therefore initiate

a walking gait, switch among gaits and stop the locomotion.

A. Pattern generation

Considering an implementation of a controller for

quadruped locomotion there are several features that are

relevant. Stability and smoothness enable more natural move-

ments, reduce the risk of the robot loosing stability while

walking and the risk of damage. Also, simple parameter

changes in the controller should be able to generate different

types of motor behaviours. This switch should be easily

elicited and according to sensory information. It must also be

able to independently control the swing and stance durations,

since to change the gait we need to change the stance phase

duration while keeping the swing duration constant. Least

but not last, interlimb coordination should be automatically

adjusted such that the lag between the diagonal limbs short-

ens with increasing speed (walk to trot).

The dynamical systems approach [15], [19] applies well

to model CPGs for robotic controllers. Trajectories are

generated on-line and in real time with a low computational

cost. Further, these systems allow smooth online modulation

of the generated trajectories with respect to their amplitude,

frequency (for speed change) and offsets by simple, small

parameter changes, while keeping the general features of

the original movements. These systems also provide for ro-

bustness against small perturbations because of existence of

globally stable attractors (limit cycle behaviors) and as such

allow for integration of sensory feedback and ensure robust

control of the movements in time-varying environments [12],

[13].

1) Limb-CPGs: The rhythmic locomotor movements for

each hip limb, i, are generated by the following Hopf

oscillator

ẋi = α
(

µ − r2
i

)

xi −ωzi, (1)

żi = α
(

µ − r2
i

)

zi +ωxi, (2)

where ri =
√

(xi)
2 + z2

i , amplitude of the oscillations are

given by A =
√

µ , ω specifies the oscillations frequency (in

rad s−1) and relaxation to the limit cycle is given by 1
2β µ .

This oscillator contains an Hopf bifurcation from a stable

fixed point at xi = 0 (when µ < 0) to a structurally stable,

harmonic limit cycle, for µ > 0.

This oscillator facilitates the smooth modulation of the

generated trajectories according to changes in the amplitude,

goal and frequency parameters. This is interesting for trajec-

tory generation in a robot [12] and for modelling the CPGs.

Both are able to generate motor patterns without sensory

feedback and without any rhythmic inputs, when activated
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Fig. 1. Relative gait phase for each limb and relative phases (θ
j

i ) between
the oscillators, for the walk and trot gaits. Solid arrows represent the
alternating relation, that never changes for alternating (or symmetric) gaits.

by simple commands that somehow encode their rhythmic

activation, frequency and amplitude.

The following expression for ωi (3) allows an independent

control of speed of the ascending and descending phases of

the rhythmic signal [20], meaning an independent control of

the stance ωst and the swing durations ωsw.

ω =
ωst

e−azi +1
+

ωsw

eazi +1
(3)

2) Interlimb coordination: In order to achieve interlimb

coordination, the locomotor system should be regarded as

composed by four interconnected limb-CPGs coupled as

follows
[

ẋi

żi

]

=

[

α
(

µ − r2
i

)

−ω
ω α

(

µ − r2
i

)

][

xi

zi

]

+ ∑
j 6=i

R(θ j
i )

[

x j

z j

]

(4)

The linear terms are rotated onto each other by the rotation

matrix R(θ j
i ), where θ

j
i is the required relative phase among

the i and j hip oscillators to perform the gait (we exploit the

fact that R(θ) = R−1(−θ)).
The final result is a network of oscillators with controlled

phase relationships, able to generate more complex, synchro-

nized behavior such as locomotion. Due to the properties

of this type of coupling among oscillators, the generated

trajectories are stable and smooth and thus potentially useful

for trajectory generation in a robot.

The relative phases are specified according to the walk

(Fig. 1(a)) and the trot gaits (Fig. 1(b)), in which contralateral

legs always move in strict alternation. By re-arranging (4)

according to these relative phases and in terms of the gait

phase ϕ3, the equations for each hip joint become

ẋ1 = fx,1 (x1,z1)− x2 − cx3 − sz3 − cx4 + sz4

ż1 = fz,1 (x1,z1)− z2 + sx3 + cz3 − sx4 − cz4

ẋ2 = fx,2 (x2,z2)− x1 − cx3 + sz3 + cx4 − sz4

ż2 = fz,2 (x2,z2)− z1 − sx3 − cz3 + sx4 + cz4

ẋ3 = fx,3 (x3,z3)− x4 + cx1 + sz1 − cx2 − sz2

ż3 = fz,3 (x3,z3)− z4 − sx1 + cz1 + sx2 − cz2

ẋ4 = fx,4 (x4,z4)− x3 − cx1 − sz1 + cx2 + sz2

ż4 = fz,4 (x4,z4)− z3 + sx1 − cz1 − sx2 + cz2

Fig. 2. The lower level generators receive excitatory and modulatory
signals (parameters). Commands from higher centers and/or information
from sensorial centers are mapped onto these parameters.

where fx,i (xi,zi) is given by (1,2), s and c represent the

sin(2πϕ3) and cos(2πϕ3) functions, respectively.

The xi variable generates trajectories for the i hip swing

joint of the robot limbs. These trajectories are sent online

for the lower level PID controllers of each joint. The knee

joints are controlled as simple as possible: the knee is flexed

to a fixed angle during swing phase, and extended to a fixed

angle during the stance phase.

This constitutes the lower level of the architecture that

receives from the upper level the required CPG parameters

to modulate the generated trajectories.

B. Brainstem activation of motor programs

In our model, a given modulatory drive signal, m, regulates

the activity of the network of limb-CPGs. The strength of this

drive initiates, stops and switches among gaits, by changing

the required CPGs parameters. The tuned CPG parameters

are the amplitude, µ ; the gait phase ϕ3; and the frequencies,

ωsw and ωst, of the swing and stance phases, respectively.

Moreover, interlimb coordination is automatically shifted

according to the modulatory drive strength. Herein, both

the range and the thresholds for the modulatory drive were

chosen arbitrarily.

A parallel between a simplified biological architecture and

the proposed one is presented in fig. 2.

1) Initiating/stopping locomotion: Qualitatively, by mod-

ifying on the fly the µ parameter, the system (1,2) switches

between a stable fixed point at xi = 0 (µ < 0) and a purely

rhythmic movement (µ > 0). Hence, the µ parameter controls

whether or not there are oscillations generated by the limb-

CPG. Bellow a lower threshold, mlow = 0.2, the oscillators

are shut down and the robot rests.

The parameter µ is set as a piecewise linear function of

the drive (Fig. 3), such that

µ = f1 (m) =

{

−A2 ,m < mlow

A2 ,m ≥ mlow
(5)

2) Duty factor modulation: As the modulatory drive in-

creases in strength, the duty factor, β , linearly decreases

from 0.89 to the crawl gait to β = 0.5 for the trot gait. The
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Fig. 4. Oscillator’s parameter β = f2 (m). The duty factor (β ) decreases
linearly with the increase of modulatory signal, until reaching 0.5.

duty factor is mathematically defined as a piecewise linear

function of the modulatory drive (Fig. 4)

β = f2 (m) =







0.89 ,m < mlow

−0.1667m+0.9167 ,mlow ≤ m < 2.5

0.5 ,m ≥ 2.5

(6)

The stance phase frequency, ωst, is determined based on

the constant swing frequency, ωsw, and on the desired duty

factor, β as follows

ωst =
1−β

β
ωsw (7)

3) Interlimb coordination modulation: Previously to m =
1, the interlimb phase relationship is that of a crawl gait

(ϕ3 = 0.75). Afterwards, the crawl gait slowly transfers into

a trot gait (ϕ3 = 0.5) due to the increase in the modulatory

drive. This is achieved by using the wave gait rule for a

quadruped: the gait phase ϕ3 should follow the value of the

duty factor (β ). It remains in ϕ3 = 0.5 for values of the

modulatory drive greater than 2.5 (Fig. 5).

ϕ3 is mathematically defined as a piecewise linear function

of the drive, m,

ϕ3 = f3 (m) =







0.75 ,m < 1

−0.1667m+0.9167 ,1 ≤ m < 2.5

0.5 ,m ≥ 2.5

(8)

C. Behavior switching

Different values of the drive lead to different behaviors,

namely: locomotion initiation, speed change and consequent

gait change, similarly to the biological counterparts [10].

Different behaviors correspond to different specifications of

0 0.5 1 1.5 2 2.5

0.5

0.6

0.7

m

ϕ
3

Fig. 5. Oscillator’s parameter ϕ3 = f3 (m).

the set of the CPG parameters: amplitude, frequencies and

gait phases.

Herein, the switch among these possible behaviors is de-

fined a priori but could be defined according to time-varying

sensory information, e.g., external stimuli [11]. For instance,

in the experiments section, we present an experiment in

which a touch in the back of the robot initiates the walking

pattern. A continuous touch in its back elicits speed change

and gradual transition and a touch in the head elicits stopping

the locomotion.

IV. EXPERIMENTS

To demonstrate the implementation of our model on a

quadruped robotic system, we make several experiments.

Experiments are done in a simulated AIBO quadruped robot

using the Webots simulation software based on ODE, an open

source physics engine.

The first experiment depicts comparison results between

gait switching with and without interlimb phase adjustments.

In another experiment, switching between locomotion

initiation, gait transition and locomotion stopping is done

accordingly to a modulatory drive. Interlimb coordination is

automatically adjusted to the duty factor value, accordingly

to the modulatory drive strength. This drive is set a priori,

in order to illustrate the easy switching among the possible

different behaviors.

A final experiment is done in the real robot, by integrating

a sensory pathway to determine the modulatory drive value,

enabling the quadruped respond to real world stimuli and

switch behaviours accordingly.

A. Gradual vs Abrupt gait change

In this experiment, we are interested in comparing the

robot smoothness and performance in terms of stability

margin when going from a statically stable gait (crawl gait)

to a more faster trot gait, when interlimb phase relationships

are and are not continuously adjusted. The crawl gait has a

duty factor β ≥ 0.75 and a gait phase ϕ3 = 0.75. For faster

speeds (β < 0.75), the walk of the robot is no more statically

stable and the gait phase of walk is not adequate for the faster

stepping frequency.

We expect a smoother locomotion and an improvement in

the locomotion stability margin, when the interlimb phase

relationships are changed according to the duty factor.

Two simulations are performed: one using a gradual tran-

sition between gaits, and another using an abrupt transition

between gaits. In both the simulations, the robot starts in a

walk gait and then slowly increases its stepping frequency

by reducing the stance phase duration, until it reaches a

duty factor of β = 0.5. In both the simulations, the robot

walks forward during the first 20 s in order to guarantee an

initial stable crawl gait. We calculate the stability margin and

measure the robot walking velocity.

In the first simulation, the robot gradually changes the gait

phase accordingly to the duty factor (bottom panel of fig. 6),

and reaches the trot gait when the duty factor and gait phase

are 0.5.
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gradually changing the gait (left), the resulting locomotion speed increase
is more smooth and more controllable than for the abrupt change of gait
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Fig. 7. Comparison of stability margin on gradual (left) and abrupt (right)
transitions. The black solid line is the filtered stability margin from the
simulation. The stability margin for the gradual gait change decreases slower
than the abrupt gait change, which plummets right after the robot changes
to trot.

In the second simulation, the robot only decreases the duty

factor and the gait phase is changed when a duty factor of

0.625 is reached, half-way the duty factor of a walk and a

trot.

Bottom panel of fig. 6 shows the locomotion speed evolu-

tion for both simulations. Velocity changes in a more smooth

way when phase relationships vary according to the duty

factor. This is relevant in a real robotics implementation,

since the servos vary more gradually and are subjected to

less strain.

Bottom panel of fig. 7 shows the stability margin evolution

for both simulations. As expected, there is an improvement

in the stability measure when phase relationships vary ac-

cording to the duty factor. The stability margin decreases

smoothly, i.e. gradually, as the gait is forced to a trot. In a

real implementation this smoothness may minimize the need

for strong reactions in order to recover equilibrium and/or

stable locomotion.

B. Locomotor behavior switching

In this experiment, we are interested in showing the

switching between different locomotor behaviors according

to a modulatory drive, m, set a priori. Top panel of fig. 8

depicts the m drive.

Initially, the drive is bellow mlow and the robot rests.

Around t = 10.5 s, the linearly increasing drive crosses

the mlow threshold and locomotion is initiated with a crawl

gait (duty factor ≈ 0.88).

The drive keeps linearly increasing but is bellow 1 for

the next 15 seconds. Hence, the robot continues in the crawl

gait, changing the duty factor but without phase relationships

adjustments (second panel of fig. 8). At t = 25 s, the robot

keeps increasing its velocity but now gradually adjusting both

the duty factor and the phase relationships. At t=40s, the

drive is abruptly set to its maximum (2.5). The gait evolves

to a trot gait, with the ipsilateral limbs in strict alternation

and a duty factor of 0.5. Servo joints are shown in the fourth

panel.

After 10 seconds, the modulatory drive is set to zero,

meaning that µ is set to a negative value (third panel) and

the oscillators stop. Consequently, the locomotion is stopped.

Bottom panel shows the locomotion speed evolution.

C. Real robot

The modulatory drive on this experiment is controlled

by the capacitive touch sensors in the AIBO robot. This

experiment is shown in the attached video. When the sensors

in the back are touched, the modulatory drive is raised,

and decreased when head sensor is touched. This means

that switching between the possible locomotor behaviors is

elicited by an external stimulus.

V. CONCLUSION AND FUTURE WORKS

In this article we have extended the use of nonlinear oscil-

lators for locomotion generation in legged robotic platforms,

by implementing a mechanism for controlling the velocity

and gait selection using one simple command.

We propose a second layer responsible for controlling the

lower rhythmic generation layer, i.e., able to initiate/stop and

modulate the rhythmic activity. This idea is inspired on the

vertebrate locomotor network [18], that receives excitatory

commands and convergence from higher centers, and in

turn sends the respective activation signals for the pattern

generators.

Specifically, the proposed layer controls the rhythmic

generation of the locomotor movements, proportionally to the

strength of the received drive signal. By increasing the drive

signal, locomotion can be elicited and velocity increased

while switching to the appropriate gaits.

We further discuss and implement a gradual shift between

gaits to improve the stability and the response of the robot

during its locomotion, for the various velocities.

Three experiments are presented. In the first experiment,

we compare two simulations in order to show how much the

walk of the robot improves when using a gradual transition

between gaits. On the second experiment, we show how
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jump of modulatory drive can be seen in the fifth panel at 40 seconds.

the robot system behaves when a drive signal set a priori

initiates, stops and switches between different gaits. In the

third experiment, we implemented in the AIBO robot an

interesting method for eliciting locomotion through stimuli,

mimicking the sensory pathways in nature. The system’s

modulatory drive signal is increased and decreased by touch-

ing in the back and head of the robot, respectively.

For generating adaptive locomotion we are currently ad-

dressing accurate feet placement; predictive adjustments of

locomotion including speed and/or step length control in

advance and head stabilization for image acquisition. This

work should also be integrated with our previous work for

posture and balance control [13].
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