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Animal Locomotion
Large diversity of different types of 
locomotion: swimming, crawling, 
walking, hopping, burrowing, flying,…



Adaptive motor control in animals
Coordination of 

multiple degrees of freedom
Modulation

Visuomotor coordination
Switching between motor tasks Learning new skills



Locomotion difficulties
Control of locomotion is a  difficult 
and ill-posed problem (multiple 
solutions exist)

Many possible end-point trajectories
Many possible postures for a given 
end-point
Many possible muscle activations for 
a given posture
Many possible motor unit activations
for a given muscle activations



Locomotion difficulties

Coordinating all the degrees-of-freedom 
of the robot means, for each dof, finding 
the right: 

1. frequency υ=1/T, 
2. phase ϕ, 
3. amplitude A, and 
4. signal shape
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Locomotion difficulties
In addition to the problem of redundancies, locomotion 
control is complex because it requires:

Good control of balance
Adapting to terrain
The possibility to adjust speed and direction
Adapting to perturbations 
Optimizing the gaits (finding the fastest, most efficient,...)
Visually-guided feet placements
Trying to satisfy multiple constraints simultaneously: Stabilizing 
head, maintaining equilibrium, moving forward, avoiding 
obstacles,….
Dealing with lesions, and changes in body properties (fatigue, 
aging

Note: legged robots face the same problems!



Approaches to legged locomotion 
control in robots

Mathematical Synthesis
Difficult for non-linear control systems

Modulated playback
trajectory tracking techniques

Passive Dynamics
Physics-based heuristics

simple quantitative and qualitative physical modeling;
breaking the problem into smaller subtasks; 
control strategies for each subtask;
manual tuning 

CPG based methods



Modulated Playback
Main idea: 

using trajectory-tracking techniques, 
playing back the pre-generated motions on the robot, 
making the motions dynamically consistent with the robot.

Difficulty:
robots are underactuated, they can only push on the ground, and not pull 
on it, and 
the force on the ground must be directed downward in order to prevent 
slipping. 

In other words, the center of pressure (COP) must stay inside the 
support polygon of the feet and the ground reaction force must lie 
inside the friction cone. 
These constraints limit the space of trajectories that can be played 
back on the robot.
Most successful approach: Zero Moment Point (ZMP) method 
(Vukobratovic 1990)



ZMP Approach
The robot’s controller tries to keep 
the total inertial forces (the 
combination of earth's gravity and 
the acceleration and deceleration of 
walking), exactly opposed by the 
floor reaction force (the force of the 
floor pushing back on the robot's 
foot). 
In this way, the two forces cancel 
out, leaving no moment (force 
causing the robot to rotate and fall 
over).
However, this is not exactly how a 
human walks, and the difference is 
quite apparent to human observers
Example: Honda Robot



ZMP Approach: Pros and Cons

Pros:
Well-defined methodology for proving stability
Well-suited for expensive robots that should never fall

Cons:
Requires a perfect model of the robot’s dynamics and of the 
environment
Requires additional online control to deal with perturbations
Transitions from online control back to desired trajectories can 
be tricky
Defining good trajectories is time-consuming



Passive Dynamics
Many dynamic physical systems are stable 
without any active feedback; e.g., a glider will 
float in the air stably, a sailboat with ballast will 
right itself.
By proper design, walking mechanisms will 
walk smoothly and stably down a shallow 
incline without sensing, control, or actuation.
Passive-dynamic walkers exhibit a steady 
walking cycle that is smooth, efficient, and that 
appears incredibly natural.
A passive machine could be equipped with 
actuators to increase its performance. 
No one has yet built a passive-dynamic 
walking machine that has the capabilities of 
powered robots, such as being able to walk at 
various speeds on various terrains.



Some passive bipedal walkers

http://ruina.tam.cornell.edu/hplab/pdw.html



CPG-based control
Main idea: to use oscillators and to replicate the 
distributed control mechanisms found in vertebrates

CPG

Visuomotor Coord.

Visual System Vestibular Sys.

Balance Control

Actuators Proprioception

Reflexes

Reflexes



A bit of history

At the beginning of the 19th century, there was a debate 
about how rhythms are generated with two alternative 
explanations:
1. Rhythms are due to chains of reflexes i.e. involving the 

peripheral system with one reflex entraining another 
(Sherrington), 

2. Rhythms are due to a central mechanism (Brown). (Note: 
“central” as opposed to “peripheral”)

Evidence for the first explanation came from the 
observation that sensory stimulation could initiate a 
rhythmic sequence of steps
Evidence for the second explanation came from the 
observation that locomotion could take place despite 
lesions of the dorsal roots of the spinal cord



A bit of history (ctd)

Experiments of “fictive locomotion” in 
isolated spinal cords, e.g. by Grillner, 
have now clearly confirmed the second 
explanation:

Rhythms are due to central pattern 
generators, and do not need sensory 
feedback. However they are strongly 
modulated by sensory feedback and higher 
control



Central pattern generators: 
observation 1

• CPGs can produce fictive locomotion: even completely 
isolated spinal cords can produced coordinated patterns 
of activity that closely resemble intact locomotion

Example:
Fictive swimming in 
salamander when the 
spinal cord is placed in 
an excitatory (NMDA) 
bath

Delvolvé et al, J. Neurophysiology, 82, 1999:



Central pattern generators: 
observation 2

Central pattern generators 
can be activated by simple 
electrical signals,
CPGs can produce different 
types of gaits
Examples: 

induction and changes of gait by 
electrical stimulation in cat (Shik
and Orlovsky 1966)
Induction and changes of gait by 
electrical stimulation in 
salamander (Cabelguen et al 
2003)



Central pattern generators: 
observation 3
Central pattern generators can be activated and 

entrained by sensory signals
Examples: 
Induction of locomotion and 
changes of gait in a decerebrated
cat (Brown 1972)

Mechanical entrainment of the 
lamprey CPG (Grillner 1995)



Animal Locomotion Control

In vertebrates, three main ingredients:
1. Central pattern generators (CPGs), 
2. Reflexes, and 
3. Command signals from higher control 

centers (cerebellum, basal ganglia, motor 
cortex)



Animal Locomotion Control

Higher control

Central pattern generators

Effector organs

Environment

Reflex
feedback

Central
Feedback

(efference copy)
Sensory 
input or 
feedback 

from 
environment

Higher brain centers:

Spinal cord:

Muscles:



Neural control of movement

Cerebral cortex

Cerebellum

Spinal CordBrain Stem

Thalamus
Caudate

SC
IC Central pattern 

generators



Spinal cord

Spinal Cord

Brain Stem

Ventral roots
= outputs

Dorsal roots
= inputs

Signals to 
muscles

Signals from 
sensory neurons



Central pattern generators

locomotion controller consists of a system 
of coupled nonlinear oscillators (like the 
CPGs in spinal cords of animals)
The gait is encoded in the limit cycle 
behavior of the coupled oscillator system
Coupling connections between oscillators 
determine the global behavior



Concept of Limit Cycle
• A limit cycle is an oscillatory regime in a dynamical 

system:

• If the limit cycle is stable, the states of the system 
will return to it after perturbations.

Limit cycles

A phase portrait
(One state variable plotted

vs another.  Allows to see qualitative
behavior of a dynamic system)



Example: Hopf Oscillator



Coupled Oscillators

In the field of biological modeling many phenomena can 
be modeled by coupled oscillators.
What does it mean to couple oscillators, or dynamical 
systems in general?
Lets say we have 2 DS:
They are independent because   is not a function of y 
(and vice versa). Their evolution is independent, they do 
not “feel” each other.
Coupling means to introduce such a dependence of some 
sort.
In general                             and



Coupled Oscillators
Example



Synchronized Oscillators

In order to look at synchronization we look 
at the phase difference:

Definition of synchrony (phase locking):

Fixed points are the solutions of:

1 2dϕ ϕ ϕ= −

0dd
dt
ϕ =

d constϕ =



Analytical analysis of chain of 
oscillators

• Lamprey CPG modeled as a chain with nearest neighbor 
coupling:

1 2 3 4 N



Analytical analysis of chain of oscillators

• Phase oscillator model by R. Rand, A. Cohen, and P. 
Holmes (Cohen, Holmes, Rand 1982, J. Math Biol. 13, 345-369)
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Analytical analysis of chain of 
oscillators

• Predicting the phase difference between two oscillators

• First example: Let’s assume a coupling that (1) depends 
only on the difference of phase between the oscillators, 
(2) has no effect if the two oscillators are in phase, and 
(3) is periodic. For instance 
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Analytical analysis of chain of 
oscillators

• Predicting the phase difference between two oscillators
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Analytical analysis of chain of 
oscillators

• Predicting the phase difference between two oscillators
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Analytical analysis of chain of oscillators

• Finding the fixed points
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Analytical analysis of chain of oscillators

• Finding the fixed points, assuming that
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Analytical analysis of chain of oscillators

General observations about systems of coupled 
oscillators:

• There is no phase locking if the intrinsic 
frequencies are too different (phases will increase at 
different rates, and drift compared to each other),

• The oscillator with highest frequency tends to lead 
(be in advance of) the others,

• This gives the possibility to reverse a traveling 
wave simply by changing which oscillator has the 
highest intrinsic freq.



Analytical analysis of chain of oscillators

• Extension of the analysis to a chain of N oscillators

• Assumptions: nearest neighbor coupling, same coupling 
constants a, symmetric coupling 
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Analytical analysis of chain of 
oscillators

Introducing the phase differences
This can be expressed in matrix form:
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Analytical analysis of chain of oscillators

Does the chain phase-lock?   We look at

Solution:

No solution exists if any of the component of             are 
larger than unity in absolute value (i.e. the system would 
drift).

Good news: the matrix A can be inverted in close form.
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Analytical analysis of chain of oscillators
Example with 6 oscillators, and constant frequency 

difference, ω1-ω2=ω2-ω3=…=e  :
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Therefore: This system will phase lock if:



Analytical analysis of chain of oscillators

Example with 6 oscillators e=0.22, a=1.0:



Analytical analysis of chain of oscillators

Example with 6 oscillators



Kimura Lab,
National Univ. of Electro-Communications

Tokyo

Quadruped-robot controlled with a 
CPG-and-reflex based controller



Kimura Lab,
National Univ. of Electro-Communications

Tokyo

Reflex - Knee Bending
To avoid obstacles

Camera control 
Obstacles detection

Quadruped-robot controlled with a 
CPG-and-reflex based controller



CPG-based Control: summary

Pros:
Distributed control
Limit cycle behavior (controller-body-environment)
Robust against perturbations
Smooth trajectories due to the oscillators

Cons:
Fewer mathematical tools than other methods
Not (yet) a clear design methodology, it is 
recommended to use learning/optimization algorithms



Finding good parameters for oscillators

CPGs OptimizationYAMOR units

Using optimization methods
Example: YaMoR robotic units

Sproewitz et al., Learning to move in modular robots using central pattern generators and 
online optimization, Int. J. Rob. Res., 27(3-4):423-443, 2008



Yamor: key characteristics

One-DOF
Autonomous: each unit 
has its own battery and 
microprocessor (micro 
controller and FPGA)
Wireless bluetooth
communication
Arbitrary connections
(strong velcro)



YAMOR Examples

Elmar Dittrich and Rico Moeckel



Designing CPGs
Caterpillar configuration

Designed CPG



Tripod configuration



Turtle configuration



Designing CPGs in simulation



To be optimized for each oscillator:

Amplitude R

Offset x0

Relative
phase lag

= 5 (more or less) parameters per module

Frequency ω



CPG model
A system of N coupled amplitude-controlled
phase oscillators. 
Dynamic equations for oscillator i:

oscillating 
set-point

offset

amplitude

phase

coupling weight phase lag

desired amplitude

desired offset

desired frequency

constant



Limit cycle

The phases will converge to a regime in 
which the phases grow linearly with a 
common rate ω and with a phase 
difference between oscillators determined 
by
Two oscillators i and j that are coupled 
with non-zero weights wij asymptotically 
converge to:



To be optimized

Simplifications:
Same frequency for all
Bidirectional coupling

Fixed in advance: ar , ax , ω , Wij

Left for optimization: Ri , Xi , φij



Online optimization using
Powell’s method

• Multidimensional optimization method which does not 
require gradient computation

• Idea: 
• use Brent’s method for unidimensional optimization
• Carefully choose direction sets for multidimensional

optimization

• Numerical Recipes in C, W.H. Press, S.A. Teukolsky



Unidimensional optimization : 
Brent’s method

Combination of
Successive bracketing    and    parabolic interpolation



Powell’s optimization method
Method for choosing directions for n-dimensional opt.

P0 P1

P2
P3

P4



Experimental Setup



Optimization Results



Optimization by GA

Yvan Bourquin


