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Preface

Snakes aren’t the kind of cuisine most people look for wheleong, but the speciality of the house
was Juan Gonzalez-Gémez’'s amazing servo-driven snakAbanake robots I've ever seen —even
Gavin Miller's amazing bots- cheat. They replicate a snakeodtion, be it sinusoidal, caterpillar,

or side-winding, but always with wheels on the bottom to @éliate friction and help the bot along.

Gonzalez, however, perfected a system that most closelicaggs how snakes really move. There
are no wheels on his robots. Just his own servo housings.hiligta snake robot skitter across the
floor is always cool. But when you pick up Juan’s bot and redlmat it's got no wheels and can still

move the same way any snake can, you're truly awed. Even mepéing is the fact that his bots

are totally modular. You can have as few as two modules or a&y ma 256 — good for both garter

snakes and anacondas.

Dave Calkins,

President of the Robotics Society of America,

Lecturer of the Computer Engineering Program at San Frem&sate University
Founder of ROBOlympics/RoboGames - the Internationataedints robot competition
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Abstract

This thesis deals with the locomotion of modular robots emtiating specifically on the study of
configurations with one dimensional topology, that we cpthdal robots. The problem we face is
how to co-ordinate the movement of the articulations of éhredots so that they can move as easily
in one as in two dimensions.

One of the biggest challenges is to develop a robot that ieEstile as possible and is able to move
from one place to another over various types of terrain, dvemoughest and most broken. This is of
special importance where the environment is unknown, ssitheaexploration of the surface of other
planets, navigation in hostile environments or in searchrascue operations.

To increase versatility of movement, modular robotics psgs the creation of robots based on basic
modules. Each configuration would have different loconetiraracteristics that must be studied. If
also the modules were self configuring, the robots couldtemtly be selecting the optimum config-
uration for each environment.

One type of controller used is bio-inspired, based on CP@tf@EPattern Generators), these are spe-
cialised neurones that produce rhythms that control mustleity in living beings. In the stationary
state they act like fixed frequency oscillators which pesrttitem to be substituted by a simplified
model formed by sinusoidal generators. The advantagetifitiyaare extremely simple to implement
and require very few resources for their production. Whahdse they can be produced employing
different technologies: software, digital circuits or evadectro-analogical.

In this thesis a classification of the modular robots is distadid, according to their topology and type
of connection and the hypothesis is presented to use salggenerators as locomotion controllers
for the apodal modular robots with one dimensional topolofishe groups pitch-pitch and pitch-yaw.
The results show that this simplified model is viable and tlogements obtained are very gentle and
natural. The robots can move using at least five gaits. Sortteeaf, such as rotation, are original,
and as far as we know, have not been studied before nor impteshby other investigators.

Another problem that presents itself is that of the minimwnfigurations. To find the robots with
the least number of modules possible that can move in onemdimensions. Two minimum con-
figurations capable of this and the relationship betweein plagameters have been found.

Vii
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It has been shown that the answers found to the problem ofdiaation are valid for their use in
real robots. They have been tested in four prototypes ofa@pobtots constructed on the basis of the
union of Y1 modules, designed specifically for this thesibe Terifying of robots with a different
number of modules has been carried out using the simulatetajged for this purpose.

Finally the knowledge about the locomotion of apodal roludtthe study groups has been resumed
in 27 fundamental principals.
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Chapter 1

Introduction

“My work is a game, but a serious game.”

—M.C. Escher.

In this introductory chapter the application environmentthis thesis is presented, its aims and how
the memory content has been organised. In the followingtehdpe context is described in more
detail and the bibliography is given.

1.1 Presentation

This thesis deals with the locomotion of modular robots emtiating specifically on the study of
configurations with one dimensional topology, what areethipodal robots. The problem faced is
how to co-ordinate the movement of the articulations of éhredots so that they can move as easily
in one as in two dimensions.

Locomotion is the capability that permits living beingsdigjing to the animal kingdom to move
from one place to another at will. There are two importantatpto have in mind: control and
voluntariness. If the movement is to be considered locasndtie individual has to want to complete
it and what is more be able to control it. In this way, the wéiters that rest on the surface of the
water move driven by the currents or other animals, but ibisconsidered locomotion because it is
neither voluntary or controlled. The robots that possessrwtive capacity are called mobile robots.
The field of robotics that studies and designs robots capdiflmctioning for themselves in unknown
environments is known as mobile robotics.

The study of locomotion is divided into two levels, callegstior and inferior. The inferior level
is in charge of the control and co-ordination of the actuasar that the robot can move from place
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to place. It includes the different gaits that can be obthifterns, moving in a straight line, side-
ways movements, etc.). The questions to be resolved atetis$ &re: How do | move? How do |
co-ordinate the actuators to take a step? It is easy to msodm if the robot has wheels or cater-
pillar tracts and the terrain is appropriate. It is suffitiemturn the motors to obtain the movement
required. Nevertheless, when the robot has articulatedfeeas to complete the manoeuvre using
body motions, as is the case of apodal robots, resolvingitfieutty is complicated. In these cases it
is necessary to co-ordinate correctly all the articulatiorhe superior level is in charge of planning
the routes, navigation and other higher level tasks. It iceoned with voluntariness. The questions
that define this level are: Where do | want to go? How do | getethe

This thesis concentrates on the lower level of locomotiadresking the problem of
the co-ordination to obtain different ways of movement fuodal robots.

One of the biggest challenges is to develop a robot that ieiEsitile as possible and is able to move
from one place to another over various types of terrain, gversteepest and most broken. This is of
special importance where the environment is unknown, ssthesexploration of the surface of other
planets, navigation in hostile environments or in searchrascue operations. Up to now the robots
that have been made have less locomotive capacity than a mlafBuen when they are operated by
remote control, where the superior level is carried out byman, mobility is limited by the robot’s
design. To improve it raises the questions: What kind of eleimiare best: feet, wheels, caterpillar
tracks, etc.? What configuration of feet must be used?

The traditional approach is to studypriori the characteristics of the terrain and design the most ade-
guate structure of robot: whether it uses feet, wheels, tergilar tracks. This has the disadvantage
that a wrong choice at this level will imply redesigning tlodot. Also applications exist where the
environment is changeable or unknown.

In 1994, Mark Yim, in his doctoral thesis, proposed a new apph. He proposed constructing robots
employing simple modules, joined one to another to make fprdnt configurations. Maximum
versatility would be obtained if these modular robots werke @0 configure themselves. In this way
the robots could change their form to enable them to movedmrtbst efficient way, according to the
terrain. To illustrate this idea, Yim proposed a setting imah a robot had to go from his laboratory
in Stanford to a neighbouring building. To do this it had toss the porch, pass underneath the
railings, go down a step and cross broken ground. None ofathets known up to then could do it,
even the remote controlled ones failed. Nevertheless aceafiguring modular robot could adapt
its form to cross the porch, following that it would become @rm to go underneath the railing and
down the step. Finally it would transform itself into a qualed to move across the broken ground.
It is a robot that has used three different forms of locommtih has adapted to the terrain to move
across it in the most efficient way possible.

A new area of investigation was born: modular robotics amdhaotion. In this the basic modules
are designed, and then based on them different configusadibrobots are created. Each one will
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have different locomotive characteristics. If also the mied are self configuring, the robots will be
able to select at each moment the configuration best suiteghfdh environment. The aim is to study
the locomotive properties of all possible configurationsisTis a titanic task, given that the quantity
of potential configurations grows exponentially with thewher of modules.

As a first step the modular robots can be classified accordittgeir topological dimensions, of one,
two or three dimensions. Each one of these groups has diffelnaracteristics and within each family
sub-families appear with other properties.

This thesis studies modular robots with one dimensionaltayy. Within this family the way that
the modules are connected between themselves defines istiretdjroups. The groups that we will
concentrated on are those with connection pitch-pitch éetyaw.

This thesis studies the problem of the co-ordination neadetthat apodal modular
robots with one dimensional topology, of the groups pitithipand pitch-yaw, can move
in one or two dimensions respectively.

Another important aspect in the locomotion of the moduldots is the controller that is employed.
Its mission is to calculate the positions of the articulasiat each moment, in function of established
parameters. The classical solution is to employ specifidroblars that obtain the angles of the
articulations by means of inverse kinematics. As an en@rdhe curves of the trajectory are used
(either from the centre of the masses or from the extremekeofdet, if they have them) and the
positions of the servos are obtained. This approach preseotproblems when applied to modular
robots. On one hand these controllers are too specific, whigkes it difficult to re-use them in
other configurations. Each configuration has its own kinesaind consequently its own equations,
therefore each controller will be different. On the othemdhahe calculating power necessary is high.
Inverse kinematics demands many calculations that musbbe duickly, which restricts the choice
of microprocessor and its operational speed.

Another, different approach, is to use bio-inspired cdters. Millions of years ago nature resolved
the problem of locomotion of living beings. Why not study hitwas resolved it and find inspiration
there. In the 60’s biologists discovered that living beipgssessed specialised neurones, called
central pattern generators (CPGs). These centres protiyttems that control muscular activity
to carry out vital functions, such as breathing, bowel mosets, chewing, locomotion, etc. The
problem of co-ordination is resolved employing contralérat implement the mathematical models
of these CPGs and finding the adequate values for their psgesnén contrast to the classic approach,
the bio-inspired controllers are not based on the knowledgehere certain points are situated in
space, but act directly on the articulations. They are gioee, faster, generating movements that are
more natural and, generally, demand less computing power.

Nevertheless, there exist a certain complexity in biolaginechanisms, as well as a lot of redun-
dancy. Perhaps these solutions are very specialised, br&hg supplying too much information
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that may not be necessary for robotics locomotion. For #ason, the other approach for the con-
trol of movement, followed in this thesis, is to employ siifipd models of CPGs. If the study of
locomotion is made in permanent regime, a possible simafiia is to substitute the CPGs for sinu-
soidal generators that directly control the position of dinéculations of the robot. This is possible
because CPGs act as fixed frequency oscillators once theyrbaghed the stationary regime. What
is more, the observation of animal locomotion shows thafréguencies of the rhythmic movements
are equal and there is no evidence that oscillators of theatlepine use different frequencies.

The advantage of these controllers is that the are extresimajly to implement and require very few
resources to realise. Also they can be formed using difféemhnologies: software, digital circuits
or even electronic analogue. By means of the use of FPGAdfigpeiccuits can be designed that
allow the robot to move “by hardware” in the same way that #iks ©f lizards move when they are
severed. The problem of co-ordination is resolved by findiregamplitude values and the different
phases of the generators that make the robot move.

The hypothesis of this thesis is the employment of sinugg@darators as controllers
for the locomotion of the modular apodal robots with one disien topology, of the
groups pitch-pitch and pitch-yaw.

1.2 Aims of the thesis

The main aim of this thesis & study the problem of locomotion of the modular apodal robds
with one dimensional topology of the groups pitch-pitch andpitch-yaw; of any length, in one
or two dimensions We want to know what gaits are possible and how to co-orditta¢ robot’s
articulations to obtain it.

The problem dealt with is very wide ranging and can be addcef®m different viewpoints. The
hypothesis examined is the use of a controller based onatalggenerators. Below the concrete
aims are formulated, each one linked to a question:

1. To study the viability of the locomotion of the apodal rédof the mentioned groups of any
length employing sinusoidal generatons. fobot movement achieved?

2. Discover different gaits What types of movement can be performed?

3. Characterise the gaits using the minimum number of pamsd/Vhat is the minimum number
of parameters needed to perform the movemé@nts?

4. Establish the lower limits of the number of modules thatt#es the robot to moveWhich are
the robots with the lowest number of modules capable of mert&n
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5. Discover the relationship between the parameters ofithisgidal generators, the kinematics
parameters of the robot and its shap#¢oW does each parameter affect the movement controller
and shape of the robo}?

6. Sum up the results in a series of principals of locomotian permit application engineers and
other investigators to put into operation the apodal rab@¢hat do | have to do so that this
apodal robot of M modules moves in a certain wpy?

To address these questions this study presents the foli@gitondary aims

* Revise the state of the art in modular robots and apodaltsob®tudy the evolution of the
robots created in the leading research centres, clasgifydantify the original contribution of
this thesis.

* Creation of the mathematical models for robot groups:hppiitch and pitch-yaw.
« Develop a simulation software environment to evaluateptioposed solutions.
« Design a module for the construction of modular robots efdtudy groups.

 Construction of prototypes of modular robots to carry twt éxperiments and the verification
of the solutions in real robots.

Finally, as apersonal aim of the author of this thesis, the experimental platform teédor the
verification of the results, made up of hardware, softwaitraechanicshas to be open and free
and also designed, as far as possible, ukgmdevelopment toolghat run in a free operating system.
This aim will allow any investigator to reproduce the platfg verify the results of this thesis on it,
and carry out improvements and continue with the invegtigat

LIMITS

To make the study of the locomotion of apodal robots acclkssibe following limits have been
applied.

» The various movements of the apodal robots are studiedénagnent regime. This restriction
permits the substitution of the CPGs for sinusoidal geoesat

» The surface is homogeneous, without obstacles. The faptistto search for solutions to the
problem of co-ordination for this kind of surface.
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« Control in open loop. The articulations are positioned e loop. The controller sends the
desired positions, supposing that the sémaaches them in a certain time. It does not wait
to receive any type of notification. This supposition is oFable given that the surface is
homogeneous and without obstacles. There is no impediméme tmovement of the servos.

« Modules without sensors. It is assumed that each modukeegess only one actuator, and no
sensor. On one hand they do not need sensors to read thepasdithe servos as the control
is in open loop. On the other hand it is not necessary to olmfanmation of the environment
at this level of locomotion. It will be necessary to add seaso operate at the superior level.

Aims that DO NOT form part of the thesis

The realisation of a simulation software and the constonctif prototypes of modular robots are
planned to demonstrate the viability of the ideas proposéle thesis. The aims that objectively do
not form part of this thesis are the following:

» The construction of autonomous apodal robots. To veri@ideas proposed it is not necessary
to construct prototypes that are autonomous. The contsoMél be programmed in the com-
puter and sent the positions of the servos to the robot bychiplmeans of a serial connection.
The power source will be external, situated outside the ttoBmce the viability of the solu-
tions is found, to make a robot that does not need any typelié éa purely a technological
problem, and easily viable

» Superior levels of locomotion. It is not the aim of this tise® programme behaviour in the
robots or address other aspects related to the superids lfecomotion, such as perceiving
the environment, planning of routes, etc.

1.3 Structure of the Document

In the first chapter the context of the thesis has been intedluwithout going into details and the
aims have been presented. In the second chapter the pragmesdular robotics and apodal robots
will be described in greater detail and it will be shown maxactly where this thesis relates to it. In
the third chapter the models used for the modules, apodatspthe controller, the kinematics and
the mathematical models will be presented.

The following three chapters form the major part of the thesach one is dedicated to a different
problem. The study of locomotion has been divided into tipaets. The first (chapter 4) the problem

Linternally the servo closes the loop, using a potentionteteonfirm that it has reached the position, but this infoiomat
is not supplied to the superior controller.
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of one dimensional locomotion (in a straight line) of the dglorobots belonging to the pitch-pitch
group is addressed. In the second (chapter 5) two dimerdamswmmotion of the pitch-yaw group
is studied. In the third (chapter 6) the problem of the minimeonfigurations is dealt with and the
answers found are given.

In the seventh chapter the developed robotic platform isrite=d and the most relevant experiments
are documented, both in simulations and real robots.

Finally, in the eighth chapter, the conclusions are expedndith the future lines of investigation.
At the end of each chapter the specific conclusions are givesych a way that with reading the
introduction and the conclusions of each chapter the reaitldrave a synthesis of the work done.
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Chapter 2

The scientific-technological frame

“Naturally, we are only in the beginning of the beginning loé trobotics revolution ”
—Isaac Asimov

2.1 Introduction

In this chapter the evolution of two types of robditse apodal and the modular, will be studied.
Emphasis will be placed on recently created prototypestamitl be seen, from a general perspective,
how this thesis contributes to the studies. Many of the idedssxamples have already been presented
in the introductory chapter, nevertheless they are indudehis chapter as a self contained unit.

In the first placethe problem of locomotion and some initial ideas will be introduced. This is
followed by the evolution of apodal and self-propelled agicztate of the art robots that have been
developed in the most prestigious research centres. Thgmwdgress in a new branch of investigation
of robotics, what is known amodular robotics, will be presented. At present the investigation
concentrates not only on the locomotion of these robotsalsoton their capabilities to form different

structures. Finallya classificationthat includes modular and apodal robwil be established

In the second pathe problem of co-ordination and the different approaches of how to resolve it
will be presented, concentrating on apodal modular robots.

11
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2.2 Locomotion

2.2.1 Levels of locomotion

Locomotion is the capability that living beings belonginghe animal kingdom have, allowing them
to decide to move from one place to another. This is one of Haacteristics that distinguishes
animals from plants. There are two important aspects to iraweind, control andwill. To be
accepted as locomotion the individual must want to do it amdliie to control it.

The study of locomotion is divided into two levels, that aendminated the inferior level and the
superior level. Thenferior level is in charge of muscle control and co-ordination (or actisaio
the case of robots) so that the individual can move. It alstuges the different means of moving
that can be obtained (turns, movement in a straight linev&gs movement, etc.). The questions to
be resolved at this level are: How can | move? How can | coratéi all the muscles (actuators) to
achieve the desired movement?

Thesuperior levelis in charge of path planning, navegation and other higtved lasks. It is related
to the volition. The questions that define this level are: Yeéhdo | want to go? What route must |
follow?

This thesis concentrates on the inferior level of locomotio, studying the mechanisms that enable
apodal robots to move.

2.2.2 Types of locomotion

In nature the movement of animals has been adapted to the@ement in which they live. It is pos-
sible to carry out a basic classification according to thérenment in which they move. Therefore
the locomotion can be: air borne, aquatic or terrestrials Thassification is not definitive. The land
mammals are also able to move in water for short distancemdtance to cross a river. In this case
they use a different way of walking, or gait, that permitsthi® swim.

Ground movement can be divided, in turn, into two categpgesording to the organs that are em-
ployed to achieve movemerticomotion by means of feefmammals, insects) d&ay means of body
motions (snakes, caterpillars, worms).

2.2.3 Robot locomotion

One of the research areas in robotics is that of locomotimngthe robots locomotive capabilities
so that they can move from one place to another. These roboas/e the generic name ofobile
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Wheels: Skybot (UAM)

6 legs: Melanie Il
(Quark Robotics)

Tracks: Siko (UCA)
e ]i‘ !

4 legs: Aramies

(University of Bremen)
T] ™

foip A%

8 legs: Scorpio
(University of Bremen)

Whegs (CWRU)

Figure 2.1: Examples of robots with different effectorstienrestrial locomotion

13
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robots. At the same time the study of locomotion is performed at the levels mentioned above.
Investigations of the superior level start with the supfiasithat robots can move, without taking
into account the mechanisms that make it possible (feetelshg and concentrates on the task of
the superior level such as path planing, vision, collabonagtc.

The same happens in animals, in the study of the inferiot tfdecomotion, robots can be classified
according to the effectors employed to move themteels caterpillar tracks, feet or the body.
This category ofipodal robotsincludes those robots, that like their counterparts in reatachieve
locomotion through body motions. These are the four classiategories for the study of locomo-
tion, nevertheless the classification is not definitive. AarlYim has noted [155] in his doctoral
thesis, new effectors can appear that do not fit in any of tkasegories. Such is the case of the
whegs[110] and his version mini-whegs[97], created by Quhal. in the bio-robotics laboratory
of the Case Western Reserve University. In them a wheel aed ark mixed to produce some very
interesting results. In the figure 2.1 there are some phdtoshots that use different effectors to
achieve movement: wheels, caterpillar tracks, whegs, laodyfour, six or eight feet.

The themes for investigation at the lower level of locometive the properties of the various effec-
tors, how to achieve the co-ordination of the actuatorsdtfierent gaits, algorithms of control, etc.
In the remainder of the chapter, when speaking of locomoii@ways refers to the inferior level.

2.2.4 Design of Mobile Robots

As in the animal kingdom, where locomotion of individualsecifically adapted to the environment
in which the animal normally functions, to design a mobilbabit is essential to know the terrain in
which it is going to moveThe environmentis the key in deciding which effectors will be chosen and
what gaits will be implemented. Therefore, for examplehd tobot is going to move on flat surfaces
where there is no need to overcome obstacles, wheels, ocatenpillar tracks, are sufficient.

The design process can be resumed in the following steps:

1. The study of the environment in which the robot is goingperate
2. The selection of effectors.

3. The implementation of the gaits.

These steps are very important. A wrong choice at this leilEhaply having to reconstruct the robot.
For this reason investigations at this level are importtrg:better the properties of the effectors are
known, the possible gaits, their efficiency, etc. greatdirlve the information available that enable
the right design decisions to be made. Leger [78], in hisa@atthesis, addressed the problem of
the automatic design of robots, using an evolutionary aggroHis central idea is that the search for
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solutions to locomotion is so wide ranging that it is necesgacreate new software tools to explore
the greatest possible number of solutions before takingesida about which design to implement.
At this level an error in the configuration of the robot isical. For this reason he proposed using
evolutionary algorithms to help the designers at this stage

Nevertheless, applications exist where it is difficult takna priori and in detail the ground, which
leads to a lot of uncertainty in the initial stage of desigmuclsis the case when designing robots
for search and rescue operationsr planetary exploration. Due to this, the robot has to have the
maximum versatility possible. Investigations concentrate on studying the merstatile effectors
and all the different gaits possible.

2.2.5 The problem of locomotion

One of the biggest challenges in developing a robot is to ritakee to move in all types of terrain,
even the roughest and most broken. That is to say, a robotstletremely versatile. This is of
special importance in applications where the environnseimsufficiently known or changeable, as in
the exploration of the surfaces of other planets, hostiérenments or search and rescue operations.
What is it best to use, feet, wheels, caterpillar trackslow many feet? What type of movement?
And if it has feet, how to configure them?.

The NASA has particular interest in this problem, financimgjgcts destined to the building and
evaluating of alternatives, so that the robots can movedgged environments. Two of these projects
in the initial stage (end of the 80’s) were the CMU Ambler[Z2{d the Dante II[3]. They are ex-
amples that illustrate the design model described abov&@gude of specific structures based on the
environmental specifications.

The Ambler is an autonomous robot for planetary exploratidmg into account movement on the
surface of Mars. Based on the specifications the robot wagrdeswith 6 feet, 3.5 meters high and
a weight of 2,500 kilos. The type of movement selected waselsy, fin theory the most efficient
mode[3]. Nevertheless this robot was never sent to Mars. diihensions and weight of the robot
were excessively large for the requirements and power ecop8an was very high.

The robot Dante Il was also designed to explore broken gramddvas tested in 1994 for the explo-
ration of the mountain volcano Spurr, in Alaska. In this ctmerobot had 8 feet with a locomotion
system called ‘framewalker’. Despite knowing the speciftzs of the terrain, and that it had a cable
maintaining it fixed to the summit and by which it descendedthe fifth day it tipped over and could
not be recovered.

For exploring Mars, the NASA opted for using wheels[80] thatto now have given very good
results. Nevertheless, wheels are very limited. They otibwathe robot to move in controlled
surroundings. This is one of the reasons why it is necessaah carefully and in advance the places
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to which the robot will be sent, not only taking into accoure timportance of atmospheric conditions,
the collection of scientific data, etc, but also permits tieot to move easily in its surroundings[36].
This is a big handicap.

Inspired by the marvellous locomotive abilities of animaith feet, Dirk Spenneberg et al. of the

University of Bremen developed the robot Scorpio[26], véitfeet, able to move on sandy and rocky
terrain, in places impossible for wheels. This project waarfced by the DARPA and the robot was
proposed as an alternative for the exploration of Mars. Wdéid by the results, the development of
the ARAMIES[131] was begun. This robot is a quadruped thatuave on extremely adverse terrain
and can, besides, carry on board scientific experiments.ofthe aims is to explore the locomotive

capabilities of quadruped robots in this type of surrougdin

2.3 Apodal robots

In contrast to terrestrial movement by means of feet, ardivingy beings that use corporal move-
ments. The robots that use this kind of movement are knowapadal robots. The word apodal
means “lacking feet”.

These robots possess characteristics that make them uttigusame as their counterparts: snakes,
worms and maggots. On one hand is the ability to change tbein.f Compared with the rigid
structures of the rest of the robots, the apodals can benddant to the form of the terrain on which
they move. On the other hand their section is very small coatpt their size, which permits them
to enter small tubes or orifices and get to places inaccedsildther robots.

This section analyses the apodal robots created in the mpsiriant research centres and their evo-
lution up to now.

2.3.1 Tokyo Institute of technology: acm family

Hirose, of the Tokyo Institute of Technology pioneered &adf snake’s bio-mechanics for its ap-
plication to robotics. It was implemented in 1976 the firstlemrobot called ACM-III Active Cord
Mechanisnr In 1987 in the reference booBlologically Inspired Robot§47], the results of his
investigation were collected and published.

One of Professor Hirose’s most important contributiontersce was the discovery and formulation
of the serpenoid curvg143], which is the form adopted by the snakes when movingpiéposed

a model of vertebrae that moves by means of the action of tywosipg muscles controlled by two
springs that provoke a sinuous movement. Then he calculagespinal column curve’s equation and
finally compared it to the experimental results obtainedifreal snakes.
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“YACM-III

1975

Figure 2.2: Evolution of the snake robots of the ACM familicive Cord Mechanism). Hirose-
Fukushima Robotics Lab

In figure 2.2 the different prototypes developed up to thesgmé are shown. The first one is the
ACM-IIl 1 that measures 2 metres long and is made up of 20 articulatiabsnove parallel to the
ground faw), capable of moving at a speed4@cm/s Each module has some passive wheels that
allow the robot to crawl along the ground. These wheels hlagesffect that the friction coefficient

in a tangential direction is very low compared with the nordrag. It is this principal that allows
the propulsion of the robot when the articulations are taeill correctly. This mechanism has been
baptised glide propulsionand is not only similar to that of snakes, but also to the nmoget of
skaters.

The ACM-III prototype was about 20 years ahead of its timdsTihe of investigation was forgotten
until, owing to the advent of modular robotics, prototypésrake robots reappeared. Hirose and his
collaborators renewed their interest in this system ang tedesigned it with new technologies. In
this way theACM-R1[48] was born. It was a revised and modernised ACM-III. Itirted wireless
communication with the robot to eliminate the need of cablEsis prototype has 16 modules and
can move at a speed of something IB@cm/s The modules are smaller and better finished. Among
the new experiments carried out the highlight is the trigbi@pulsion sliding on ice, using the same
kind of blades that are used on ice skates [29].

The following prototype ACM-R2, has greater freedom in each module allowing pitch as well as
yaw[142] which permits the robot to adopt three dimensiéorahs. This prototype served principally

IMore information is obtainable on the web: http://www-rabmes.titech.ac.jp/robot/snake_e.html
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to study the viability of the robots with axes of pitch and yawd later evolved to thaCM-R3[95].
The functionality of the ACM-R3 is the same as the ACM-R2,eréiveless the design is completely
new. Now each module has one degree of freedom. It is desigrecth a way that when they are
connected in chain the movements of pitch and yaw are atein& he structure is more compact
and lighter than its predecessor. One of the design noselts to integrate some large sized wheels
on either side of the module. This novel design permits theelgto be always in contact with the
surface, independently of the robots orientation, all@uirio be propelled in inclined positions. The
prototype was used to investigate new ways of locomotioh sscrolling, sinus-lifting or inclined
movements[96].

With the idea of improving the model so as to be able to fumciioreal situations, where there is
dust, water, areas with difficult access, etc., AtEM-R4[152] was developed. It can be considered
as an industrial version to be employed for inspection orctetasks in tubes or steep ground. Snake
type propulsion requires many modules. With the idea of cadythe size, the wheels, that before
were passive, are now active and can be moved by a motor. TMeR&has only 9 modules. This
characteristic has led to the appearance of new locomadipatilities. It can be seen in one of the
experiments how the robot advances along the ground, kiftgsubody, supports itself on a chair,
climbs onto it and finally gets off , showing how it can move iritg complicated terrain.

A characteristic of the snakes is that they can move as easilije ground as in water. From ACM-

R4 and an amphibious prototypdelix[139] the versioPACM-R5[151] was born. The robot can

move along the ground using glide-propulsion, by means ofesemall passive wheels. Also each
module has four fixed fins that in normal movement through mateduce high resistance and low
resistance for tangential movements.

2.3.2 Shenyang Institute of Automation

Hirose’s work has served as inspiration for other investiga One of them is Shugen Ma who
repeated and enlarged Hisore’s work in glide-propulsiahageveloped a simplified version of ACM-
R1 with 12 less mechanically complicated modules and anargat system of control[82]. He also
developed a software to simulate the real movement of thetra different surfaces. The theory
is that the robot moves along the serpenoid curve and thabmoal slipping exists. Nevertheless,
in practice this side slipping does appear, and producesdbpropulsive power. By means of the
simulator it is possible to determine the values of the Isss@ find the optimum angle of the ser-
pentine movement for each surface[83]. Lastly the locoomotif the robot on inclined terrain was
studied[85]. Parallel to this, Professor Shugen Ma’s gralgp started to study apodal robots with
pitch and yaw connections[84]. A module that possessedaigelegree of freedom and activated by
a servo was developed and with it configurations of robotewssated to study different movements
and their adaptations to the environment. Concretely agpihovement to overcome obstacles was
suggested[11], and in [10] the problem was studied in a mereegal way, suggesting other gaits
depending on the environment.
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Climbing on the outside of a tube Climbing on the inside of a tube Swimming

Figure 2.3: CMU's snake robot

2.3.3 Robotics Institute at Carnegie Mellon University

In CMU’s (Carnegie Mellon University) Robotics Instituteeiin Downling studied apodal robots. In
his doctoral thesis[27], financed by the NASA, develope@miwork environment for the automatic
gait generation for snake robots. He was one of the pionaapplying genetic algorithms to find
solutions for the locomotion of these robots.

Investigations on snake robots are being carried out in ivedbotics laborator§directed by Pro-
fessor Howie Choset. The principal lines of investigatioa mechanical and locomotion at both
inferior and superior levels. In the area of mechanics neigudations are being developed[123] to
attain snakes in 3D, as well as actuators that permit opticiimbing ability[24].

His investigations of the superior level have concentrateglaning movements, developing loco-
motive algorithms and positioning in what is known as hypgtundants[16][15].

Some very interesting results are being obtained for therimif level. The videos of the robots can
be seen orYou Tubé. The prototypes designed (see Figure 2.3) are based on Mark ¥odules,
described in more detail in the section 2.5. They use alumirmodules with a degree of freedom,
activated by what is known as Super-servo. These are conahsecvos that have been modified,
adding their own electronics, sensors and communicatioeg1b0]. Different types of ‘skins’ are

2http://download. srv.cs.cmu.edu/~biorobotics/
3Youtube channel: http://www.youtube.com/user/CMUBlmtics
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Figure 2.4: The prototypes Amphibot | and Il of the EPFL higpired group. The author of this
thesis appears at the lower left, together with Alexandesfir author of Amphibot, when attending
Clawar 2006 in Brussels.

used to cover the modules and allows the snake to move inradskdf terrain, including aquatic
environments.

The latest prototypes consist of 16 modules and can move tramlst line, sideways, climb on
the inside or outside of a tube, swim and roll[81]. At this Itevel of locomotion the robots are
tele-controlled by an operator, who constantly indicatesthovements that the robot must carry out.

2.3.4 Bio-Inspired Robotics groups at EPFL

The bio-inspired robotics group at EFPEdole Polytechnique Fédérale de Lausanmas developed
the amphibious roboAmphibot[21]* that is capable of moving on ground and in water. It consists
of 8 modules that move parallel to the ground and uses bjairied controls for locomotion, based
on the CPGs(entral Pattern Generatojsnodels of the lampreys, developed by ljspeert[59].

The first prototypeAmphibot-I [22][20] could swim by means of undulations of the body, adl we
as move along the ground as snhakes do, for which some paske&sy similar to those of ACM,
situated on the abdomen were included. In the second veisiophiBot 1l [23], the modules were
made more compact and feet were added. This robot could ailge on the ground and swim like
salamanders do, combining body and foot movement. For thiealanodel the lamprey CPG models
were used and demonstrated how the speed and direction @&memt can be quickly adjusted, on
the ground and in the water[58].

“More information is available on the web http://birg.epflgage53468.html
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WormBot

Figure 2.5: Left: Wormbot, designed by Conrad[19]. RigHg; Bliller[90]

2.3.5 Others

One of the most realistic snake robots obtained is the e developed by Miller[90]. It is
made up of 64 articulations with the relationship betweendmgth and width of the section nearing
the proportions of real snakes. It is the fifth generatiomalke robots.

The WormBot® of Conrad et al.[19], developed by the University of ZuriNeuroinformatics In-
stitute, is a prototype of a snake robot that moves by meansdiflations of its body and is based on
the bio-inspired model of CPGs. It has implemented the l@an@PGs[18]. The robot is autonomous
and an operator can change the parameters of the couplitvgsdreoscillators.

A different approach is used in the rob®ES-1y SES-2(Self Excited Snake Robots) developed
by Ute et al[145] in the Tokyo Institute of Technology. In afotype of 3 segments and 2 motors,
movement is obtained through the principle of self-exmtatAccording to this principle springs are
placed in parallel to the actuators. The torque of each nu®pends on the angle of the adjacent mo-
tor, obtained by means of negative feedback. With this placery quick and efficient movements
are obtained. The first version SES-1 is formed exclusivEnalogic circuits.

The figure 2.5 shows the Wormbot and S5 prototypes.

5More information on the web: http://snakerobots.com
Shttp://www.ini.ethz.ch/~conradt/projects/WormBot/
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Figure 2.6: Self-propelled robots (serpentine robotsheHirose-Fukushima Robotics Lab

2.4 Self-propelled apodal robots

In contrast to the apodal robots that accomplish their lomtion by means of body motions, the
self-propelled apodal robots displace themselves by mefastive wheels or caterpillar tracks on
the different parts that make up the robot. Though they hagddrm of a snake, they are not bio-
inspired robots. This type of locomotion is not found in matuNevertheless it is included in this
study because most of them are modular robots, formed bjasimodules joined in a chain.

This kind of modular robots have also been named[43fapentine robots

2.4.1 Hirose Fukushima Robotics Lab (TiTech)

Professor Hirose also pioneered this class of robot. FromiACstructures were developed with
self-propelled modules joined in a chain[51], these arenknasarticulated bodies’. Outstanding
among the advantages of this type of robot is its ease ofgmahsthe modules are separated one
from the other and later joined together again, they cary@load distributed on all the robot, they
can move along narrow and twisting paths and the systemdsifidant’, that is if one module fails
another takes its place.

To explore the locomotive capabilities of their articuthteodies theKORYU | prototype[52] was
developed, formed of 6 cylindrical bodies and propelled aterillar tracks. Each module has 3

"More information in the link: http://www-robot.mes.tite@c.jp/robot/snake_e.html
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degrees of freedom: vertical movement (axis z), turning enoent (parallel to the plane xy) and
wheels to propel it. It was noted that this robot could tudimb obstacles and even stairs. The
cylinders can also move vertically, which permits the rdbategotiate irregular surfaces. The second
prototype KORYU-II [53] uses, instead of caterpillar tracks, independent ¥ghekich allows it to
move with ease on sloping terrain. Experiments were caaigdboth in the city and the countryside.

The Japonese live in a seismic zone where earthquakes guefre Because of this the application
of search and rescue are of special interest for them. Afteagthquake people can be trapped in the
rubble and they have to be rescued immediately. To developat capable of manoeuvring in this
type of environment, find the victims or survivors, using esas and microphones, would be a great
help.

The first prototype proposed w&duryu-1[138], made up of three segments. Each one is propelled
by caterpillar tracks, but they are not independent, therene motor that drives them all. The
first one carries a camera and a microphone, and the rear @uaareceiver. The modules at the
extremities can carry out pitch and yaw symmetrically. Toieot has only three degrees of freedom.
The following versionSouryu-11[140] is similar but its modules are easily separated tolifate
transport and add special intermediate modules.

The Genbu (1, Il y 111)[66] generation of robots is formed by chains wé® modules have two in-
dependent, active wheels and are joined by passive atimga It has been developed to deal with
fires. The motors are hydraulic and a hose-pipe can be fitewyahe central axis of the robot to
pump water and reach places inaccessible to the firemen.

Another robot iKogha[61], developed for search and rescue operations. It haslgile®connected
in series with two caterpillar tracks, except the first argt lanes. The connections between two
modules dispose of two degrees of active freedom that ab@mtto climb obstacles and 3 degrees
of passive freedom that allow them to adapt to the terrain.

Some of the prototypes are shown in the figure 2.6. In [49] aendetailed review of some of the
robots developed by the Tokyo Institute of Technology cafobed.

2.4.2 German National Research centre (GMD)

The GMD has developed two prototypes of self-propelled apadots. One is th&MD-SNAKE [68]
(prototypes 1 & 2). This is made up of 12 driving wheels on eadldule. It has 6 modules, plus one
at the head. The principal application for which it was deeidjis the inspection of tubes, though in
[105] application to the inspection of buildings is beingdied.

The other is théakro [111] robot for inspecting drains of 30 to 60 cm diameter.ds$ 6 modules and
the joints between them have 3 degrees of freedom. Each mbdsltwo wheels to drive it. At the
head two cameras are fitted as infra-red sensors to detd¢attdss Though the robot is tele-directed,
a software has been proposed to make it autonomous[135].
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Figure 2.7: Different prototypes of self-propelled apodabots (serpentine robots): GMD-snake
Makro, Swarm-bot, OmniTread OT-8 y OT-4

2.4.3 University of Michigan: OmniTread

One of the most advanced self-propelled apodal roboBnimiTread® developed by Granosik et
al.[43] at the Laboratory of mobile robotics in the Univéysdf Michigan, for task of industrial
surveillance. This robot is very robust and flexible. It upasumatic joints which gives it a lot of
strength. The first version omnitre&il-8 is composed of 5 hexahedral modules. Two caterpillar
tracks have been placed on the four external faces of the.rdfiwe inconvenience is that the air
compressor is placed outside the robot, which necessadtese.

In the following versionOT-4[4] the robot has been reduced in size and electric micropcessors
have been added, thereby eliminating the need of a hoses Hrhautonomy of around 75 minutes.
(Figure 2.7).

2.4.4 EPFL Intelligent Systems Laboratory: Swarm-bot

The Swarm-bot robof has been developed at the EPFL Intelligent System Labavatpé study of
‘the intelligent beehive’: colonies that are capable of-seyjanisation. The prototype developed[94]
is formed by small mobile robots that have the capacity t@msde themselves to make bigger
structures and therefore carry out other tasks. For exarfipfey have to cross a crevasse, they can
organise themselves into a chain[93][44].

8More information in the web: http://www.engin.umich.edsearch/mrl/00MoRob_6.html
9More information http://www.swarm-bots.org/
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Figure 2.8: The robot JL-|

Each one of these modules is callethot and is totally autonomous. They use caterpillar tracks to
move and are supplied with sensors (Figure 2.7).

2.4.5 |Institute of Robotics at Beihang University (BUAA): 1-I

The Beihang University (Beijing China) Robotics Group stdrthe design of this type of robot in
1999, with a two module design[146]. Each one has two cdl@rpiand an articulation with 2
degrees of freedom as well as a CCD camera and sensors. itldsadidns can also extend, allowing
the robot to increase or shorten its length.

Based on this initial prototype, Houxiang et al designedrtieot JL-I[171]. At present this is
formed by 3 identical modules. It has 3 degree of freedormaetions, which gives it a vast capacity
of movement. Not only can it climb obstacles, among otherattaristics, but also stairs and recover
itself if it turns over[170].The robot is planned for militaapplications[175].

2.5 Modular robots and locomotion

2.5.1 A new approach to the problem of locomotion

In every discipline an investigator appears who revolusies this area of knowledge, proposing new
ideas and giving new insights. Such is the case M#rk Yim , who can be considered the father
of modular self-configuring robotics. His work has inspired hundreds of investigators (Some ®f hi
articles have been referenced more than 250 times!).

In his 1995 doctoral thesis Mark Yim proposed a new approathe locomotion problem[155]. The
traditional solution, described in the section 2.2.3 isued on designing a specific robot based on
the analysis of a terrain’s characteristics. What Yim psgabwas using robots based on modules
with the capability of re-assembling themselves into défe forms. In this way, these new modular
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robots could change their form adopting different configjores and gaits according to the terrain
where they were operating at a particular moment.

To illustrate it, he proposed the scenario described inrttieduction to this thesis. The question was
asked what would the robot have to be like to be able to go flanStanford Robotics Laboratory to
a building on the other side of the street. The robot had tcapalsle of moving along level ground,
cross the laboratory’s porch, pass under a railing, go d@mess0 cm steps and move across a rough
piece of ground, covered in herbage.

To resolve the problem the best configurations for each typer@in would have to be determined,
using a self-reconfigurable modular robot. Initially, thire, the robot would use a wheel type
configuration to cross the porch (it was shown that this gai e most efficient for level ground),
next the “wheel” would open and the robot would transfornelftinto a worm that allowed it to
pass under the railing and descend the steps. Finally itdvchénge into a four footed spider, a
configuration characterised by its greater stability, twserthe broken ground.

The advantage, therefore, of these self-configuring modalmts is theigreat versatility. What is
more they can employ the most efficient configuration andfgaieach class of terrain. That is to
say, they combine the best features of apodal robots andsralith feet.

2.5.2 Polypod

This idea of self configuring robots would not have been surcimaovation if Yim had not demon-
strated their viability. It was not until some years latéteathe publication of his thesis, that his idea
took off and produced the boom in modular robots.

For the experiments of his thesis the first robot that was ldpeel wasPolypod. Though what
was being proposed was the birth of self configuring modwpts, Polypod was manually self-
reconfigurable, but it was used to implement distinct comfijans and demonstrate the viability of
his ideas. The Polypod’s modules were mechanically congpldyossessed two degrees of freedom.
All the technical details are included in his thesis[155h &mplified summary (in Spanish) can be
found in [38].

2.5.3 Polybot

After finishing his doctoral thesis Mark Yim started to woskan investigator in the PAR®4lo Alto
Research Centjavhere he developed his famous roBolybot{157]'°. In reality it is not a robot, in
the traditional meaning of the term, but the word coversotggigenerations of modules from which
modular robots can be created.

10nformation about Polybot is available on http://www2 @abm/spl/projects/modrobots/chain/polybot/
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Figure 2.9: The modules of Polypod and Polybot

According to Yim the three promises of modular roboticsl8& versatility, reliability and low
cost. Versatility is due to the fact that these robots can change their form aveé in diverse kinds
of terrain. Reliability lies in their self-repairing capacity. If one of the modutés/elops a fault
it eliminates itself or is substituted by another. Finale tow costis obtained by applying mass
production of the modules. Large scale production leadsedaced costs.

Polybotis a platform for experimenting focused on the panaf versatility. Up to now five different
types of modules have been created, grouped in three giemetaG1l, G2 and G3 (see figure 2.9).
One of the aims of their design was simplicity, that is whyythave all been given only one degree
of freedom.

The G1 generationis not self-configuring, as the modules do not have the captecautomatically
join themselves together. Nevertheless it is possible dolyze various manual configurations and
test them. Three different modules have been designed. fBevfis made of plastic and employed
a commercial servo as articulation. Mechanically it is msichpler than the modules developed for
Polypod. A novel idea was introduced, that the base of eacufeshould be square, enabling them
to be connected one to the other, in different ways. In thig kedots with joints that move on one
plane, and others perpendicularly to them could be formedst@nding among the experimentgie
first example of simple re-configuration in which 12 modules adopt, initially, the form of a wheel.
These move along a level surface until they arrive at somesst@he robot opens up and converts
itself into a worm that can descend the stairs. It was thediperiment in which a robot carried out
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Figure 2.10: Polybot. Different configurations of Polybdt G

a re-configuration[158]. Besides this different locometoonfigurations were experimented with a
four footed spider and a worm configuration, movement thhcutube and turns (Figure 2.10).

Having proved the viability of modules, sensors were intic&tl in the versioB1v4 to implement
applications in closed loop. Experiments were carried balimbing worms. Not only to climb walls
and barriers (lineal configuration) but also to climb stéiveeel configuration)[161][160]. One of the
strangest experiments was imitating the human ‘undesggetihips and legs) making them move by
pedalling a tricycle[166]. It is a further example of the satility of modular robotics: configurations
can be created that allow objects made for humans to be mateght.

The G2 and G3 generations have the ability to join themselwgsther and separate[167], which
permits the construction of authentically self-configgriobots. Thes3 generationis a redesigned
G2 to obtain a more compact module: Its dimensions allowfitio a 5 cm cube. This innovation
was produced in the previous version. The first dynamicreglénfiguration experiment was carried
out successfully with th&2 moduleg159]. The first part of the experiment demonstrates the lemp
re-configuration, in which Polybot adopts the form of a whe#h 12 modules. Following that it
adopts a lineal configuration. In the second part the coiwefsom worm to a four legs spider is
carried out. Both extremities fold inwards, parallel to greund with the robot adopting the form of
o, coupled to both sides of the central module. The exteriatutes separate so that the robot forms
anX. Now the robot has 4 feet, each one formed by three moduleallythe robot raises itself. The

)t is interesting that — diverging from the theme — in his aci fiction novels Isaac Asimov argue that the future of
robotics lay with humanoid robots. All the tools that hadrbdesigned for humans could be used by robots, avoiding & ne
to redesign them.
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Figure 2.11: Different configurations of Polybot

great contribution obtained is the ability to automatiggdin modules using infrared rays as guides
[112].

The G1v5 modulesare the latest to be developed. They are not re-configurablertheless they
are designed using the lessons learned from all the previmasiles. They are very robust and are
prepared for commercialisation. The Polykinectis envinent[37] has been developed to program
and drive them. This includes programming in a scriptingyleage to control the various configu-
rations based on XML[172]. This environment was tested inoakehop given in the International
Congress of Intelligent Robots and Systems in 2003 (IROShe experience was a success and the
possibilities of modular robotics in the field of educatioasdemonstrated.

The theoretic model for the programming of modular roboteiiswn as phase automata[173][174].
It is based on the idea that principal movements are perahdithis periodicity is ruptured when
certain events from the sensors occur. The other idea ishtbatignals that control the modules are
the same, but with a time lag.

In the figure 2.11 the different configurations of the PolyBdwv4, G1v5, G2 y G3 generations are
shown.

12The tutorial is available in the link: http:/mww2.parcrafspl/projects/modrobots/chain/polybot/parc/doc/otut
rial/index.html
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Figure 2.12: Modules and various configurations of Ckbot

2.5.4 Ckbot

In 2006 Mark Yim moved to the University of Pennsylvania wabe founded thModLab 12, where
investigations in the field of Modular robotics are carried.o

The modular robo€KBOT [107] (Connector Kinetic roBgthas been developed there to be used as
a platform for his investigations. The modules of Ckbot hagen inspired by the Polybot version
G1v5: dynamically they are not reconfigurable, but they danitethe creation of different types of
configuration to explore their locomotive capabilitiesthe figure 2.12 the modules and some of the
configurations that have been tested are shown.

Though Modlab is not very old, its contributions are veryauative. One of them is a new appli-
cation baptised by Yim aseélf-reassembly after explosion(SAE) [164][165]. The aim is to begin
to explore the second of the modular robotics promisaisustnessandself repairing ability . The
following problem is still to be resolved: the starting poisi a modular robot with a specific con-
figuration. At a particular moment it suffers an impact aridtalmodules or parts of the robot are
scattered over the immediate area. The robot must be ablgt itsplf together again and continue
with the task that it was doing.

13The web page is: http://modlab.seas.upenn.edu/indeix(Modular Robotic Lab)
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Figure 2.13: Modules and different configurations of theotdd-TRAN

To test the viability of the system, a configuration in thenfiasf a humanoid robot has been created,
made up of three groups of modules (knowrchsterg. Each cluster consists of 3 modules Ckbot
and a module with a mini-camera[128]. The mechanical unaiwben the three clusters is by means
of permanent magnets, while the internal modules are jdiyestrews. In the experiment realised in

[165], the humanoid configuration is walking. One of the stigators hits it and the three clusters
are scattered across the ground. By means of the mini-cantezadifferent parts are capable of

recognising each other and moving until they reconstrueththmanoid original and continue the

task.

Besides this different gaits and configurations, for exangtype of wheel movement[121] or the
creation of a centipede robot from modules that add extégietf122], are continuing to be studied
and analysed.

255 M-TRAN

One of the most advanced modular robots that exist at the mstheM-TRAN (Modular TRANformer)[99}*
developed in the National Institute of Advance IndustricieBce and Technologies (AIST) in Japan.
In the figure 2.13 the modules and different configuratiorthefrobot are shown.

The present version has been the result of more than 10 ykamgestigation. It is a hybrid mod-
ular robot (see paragraph 2.7) that can configure itself mm fchain topologies or lattices. Three
generations of modules have been developed: M-TRAN [, 11& 11

The project started in 1998, witld-TRAN | [104]. Faced with the search for simplicity in Polybot
and Ckbot, the M-TRAN module has two degrees of freedom armvalsystem of coupling between
modules based on permanent magnets and SS8hagpe Memory Allgysprings for separation. They

14More information is available in the link: http://unit.&igo.jp/is/dsysd/mtran3/
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are based on Profesor Hirose's principal of internally bedsl magnetic units[50]. The modules are
joined to each other by means of permanent magnets. Thersgstevelty is in the SMA springs that
are activated by electric current to disconnect the modiethe first experiments it was shown that
the permanent magnets had sufficient force for one moduilié &mbther. Also the viability of various
configurations in movement was explored: wheel, worm, quaeli, and dynamic configuration [65].
As well as the mechanical and electronic design of the moadupowerful simulation system was
developed[75] that was used to explore the modules’ pds&bj causing a block of 12 modules to
pass over obstacles and simulate different algorithmsasfr#d movements[169] and simulations of
self-reparation[103].

In 2002 the second generatioM-TRAN-II [102] was developed. The idea of the module is the
same, improvements have been made in the mechanics andrtiveah@ The module was reduced
in size by approximately 10%, and consumed less, which ldzbtter autonomy, and the hardware
allowed for wireless communication. The innovations thatevintroduced were in the field of the
automatic generation of gaits, using CPGs and geneticitligts [73]. Genetic algorithms are run
in a PC and then the pattern of movements are down-loaded todidules, either to the actual robot
or to the simulation. More information can be found in [63]eWértheless, one of the most novel
experiments that was done was the reconfiguration of a qpadrimto a worm [73], something that
had not been seen before. To achieve it, it is necessary itotipdasteps that the modules have to
follow to reach the goal [168]. Due to these experiments thi@ RAN became the most advanced
modular robot.

The present generatioll-TRAN III [62] incorporate a new mechanical connecting mechanisa, th
replaces the permanent magnets. This has achieved impeaeegly efficiency and speed in connect-
ing and disconnecting, though at the price of mechanicalptexity. These modules, nevertheless,
are no longer prototypes, but can be produced industriilig electronics are much more powerful.
Now each module has four microprocessors connected by a Abs(Controller Area Network).
One is the master and the others slaves. The previous exgrgsmf locomotion have been verified
and amplified [76] and reconfigured [74]. One of the new padkitsds of these modules is that of
incorporating specialised modules, for example mini-ca®n¢98] to help in the implementation of
the reconfiguration.

2.5.6 CONRO

The CONRO moduled® were developed by Castano et al.[8] at the University of B@alifornia’s
ISI (Information Science Institute) for the implementatiaf what are callednetamorphic systems
robots that can change their shape. What Yim called selfigraning (the denomination that has
prevailed). These modules have two degrees of freedom dfidosgpling ability. In the initial
experiments a snake and a hexapod were formed[7]. The cgupfstem was tested, though in the
first version it has not been integrated into the modules yet.

15More information on the web: http://www.isi.edu/robotsico/
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Figure 2.14: Conro module and different configurations

To represent the configuration of a re-configurable robagplysaare used to determine if two robots
have the same configuration[9]. Also it is possible to locgtecial modules, for example a mini-
camera [6].

In later studies a new bio-inspired system was proposed aothie modules could discover the
changes in topography and could collaborate with other hesdio carry out movement and self
configuration. Two protocols based on the idea of hormones haen developed, one called Adap-
tive Communication (AC) and the other Adaptive Distribet@ontrol (ADC)[126]. In [114] a system
of autonomous coupling between modules is being studied.

The figure 2.14 shows what CONRO looks like as well as variaugigurations and one of the
reconfiguring experiments that was carried out.

2.5.7 SuperBot

SuperBot'® is a modular robot created in the ISI Robotics Polymorphisdratory of the University

of South California. The module designed is one of the mosdeno (2005) and is inspired in all
the previous ones: Conro, Polybot, MTRAN y ATRON. ltis a gaijfinanced by the NASA and the
DARPA. and was developed, initially, to be used in spaceiagibns[124]. How to employ it as a
mobile platform to move on another planet’s surface andecoihformation is being studied[141].
Between 8-10 modules reconfigure to form the needed platfeuth as wheel (for efficient move-
ment), spider, snake, communication towers, etc. Anotpglieation is what the authors call MULE

18More information on: web:http://www.isi.edu/robots/supot.htm
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Figure 2.15: Different configurations of the SuperBot medul

(Multi-Use Lunar Explore)y [79]. The idea is to place more than 100 modules on the chassi
lunar vehicle and use them to carry out various geologicisiawith or without the help of the as-
tronauts. Weight is very important on space missions. &ubstd carrying different apparatus to make
measurements, the modules can be reconfigured to formetiffstructures according to need.

The latest application is that called OHM84gbitat Operations and Maintenance Sys}Efi] in
which approximately 150 modules are used to obtain variooist solar panels, cleaning and main-
tenance of the installations, monitoring and inspectioread time...

The mechanics of the Superbot modules are inspired in MTRAN includes an extra degree of

freedom. The two extremities turn vertically (pitch) andbte (roll) between themselves. It has, the
same as MTRAN, a total of 6 contact surfaces where other negdidn be joined, this allows not

only the formation of chain type robots (see paragraph Buf)also solid 3D structures[125][118].

The re-configurable systems must resolve various chaltenbeDistributed negotiation, in such a
way that the modules agree on the global task they are to mperf@) Distributed collaboration,
that allows them to translate the global task into local ¢alat each module can carry out. 3)
Synchronisation, so that each local task is synchronistdtive others.

These problems have already been addressed in the CONRGOesdolut with the supposition that
the topology did not vary while a task was being carried out.[1120] an algorithm is proposed
to resolve these problems, allowing the topology to changgis is inspired in the concept of
hormones[119].
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Figure 2.16: The modular robots Yamor and Molecube

2.5.8 Yamor

Yamor!’ (Yet Another Modular Robpts the modular robot developed in the bio-inspired roksotic
laboratory of EPFL, to study adaptive locomotion[92]. Tleveloped module has one degree of
freedom activated by a servo and the communication betweelul®s, and the modules with the PC
is by Bluetooth, which means that there are no wires. Therobhardware includes FPGAs (Field
Programmable Logic Arrays) which gives the system greagesatility for the implementation of
specific controllers. The software developed allows theegstion of movement functions using a
GUI (Graphical User Interface), which is then down-loadethe hardware[91].

Maye et al.[89] applied the CPG models to the movement of Hawdobots, carrying out experiments
with Yamor, thereby validating the previous simulation©, tripod and quadruped configurations
were tested.

Yerly et al.[154] are working on the following generation mbdules, adding accelerometers and
improving the software.

"More information in http://birg.epfl.ch/page53469.html/
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In the figure 2.16 the two versions produced of Yamor and th@wa configurations tested, are
shown. In the central part are the following versions of medand the tripod and quadruped con-
figurations.

2.5.9 Molecube

In the Cornell University CSL (Computational Synthesis aediory) the modules known &gole-
cubed®[176] have been developed. They have one level of liberty and faraba. They differ from
the rest in that they rotate on a diagonal axis, that unitesopposing points of the cube. When a 90
rotation is performed on this axis, another cube is obtained

These modules are not adapted to resolve locomotive prablgrough robots can be created with
locomotive capacity. Their original purpose was to bufid first modular system capable of self
replication[177]. In the experiment that was performed, a tower composed obkcubes, du-
plicated itself. For this another four modules were usedaasmaterial for the duplication. The
initial individual deposits its own modules in the placesaendthe replica is to be created. Using the
“raw material” supplied it self replicates. The final prosemnds after two and a half minutes. What
is important is that the new copy can also duplicate itselfie fiew individual can create another,
demonstrating that total self replication has been obth{imebehaviour as well as structure).

2.6 Modular Robots and Structures

Other area of investigation on the modular robotshis capability to form structures that can

be reconfigured In the figure 2.17 various of these prototypes are shown. ofiggns go back to
1988 with the proposal of Fukuda et 8IEBOT[32] (CEllular ROboT) developed at the Technology
Institute of Tokyio. Each Cebot is treated as an autonomellithat can move and join itself to others.
Also the idea of a dynamically re-configurable robotics eyt was developed[31]. This is a similar
idea to the re-configurable robotics but it is applied todtrtes, instead of to locomotion. The system
can be reorganised to carry out more complicated tasks. églchas its own knowledge (known as
knowledge cells) and can use the knowledge of others. Itysi@m of distributed intelligence.

Chirikjian et al., of John Hopkins University PKIPfotein Kinematics Lab) proposed thenetamor-
phic manipulators[12]. It is a net of modules arranged in two dimensions thatmw@ve through a
global structure because they have the ability to coupleusreduple with each other. Compared to
CEBOT the modules can not move on their own, only being abii®teo when connected to adjacent
modules. The kinematics of these manipulators was stuti3¢dind their use was proposed for cap-
turing satellites in space. Initially the manipulator hasuiadefined form, like an amoeba. By means

18The link for more information: http://www.molecubes.org/
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Figure 2.17: Various lattice type modular robots
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of the movement of some modules over others some tentagiesahat wrap round the object to be
captured. Pamecha et al. implemented it in two modules,abetwas calledMetamorphic[106].
Each module is of hexagonal shape and can warp by means af&arst

The idea of metamorphic manipulators was perfected by Mugagl., of the AIST, with the pro-
totypeFracta[100]. The ‘cells’ are much simpler and do not have any adiisaivhich means less
consumption. To carry out the displacement and the coufplirapupling permanent magnets and
electro-magnets are used. The same as Metamorphic, tltusesithat are formed are two dimen-
sional.

The idea was enlarged with the building of three dimensiatraictures, and the designing of the
robot 3D-Fracta[101] with a cubic structure and six arms that join the cemtith each one of the
cube’s faces. A total of 6 actuators are used. These inegigtits together with Mark Yim’s idea of
modular robotics were the seeds of the hybrid modular rob@RAN, that not only can move but
also shape three dimensional structures.

Hamblin et al. createdetrobot[45], formed by a tetrahedral module with spherical articuladio
The system is reconfigured manually. Experiments have beea dith arms and walking robots.

At the CMU’s Advanced Mechatronics Lab Unsal et al. devetbiiel-CUBE robot[54] formed by
two elements: cubes (passive) and active segments. Theseghave three degrees of freedom and
are used as arms that hook onto the cubes. Different threendional structures can be built and
they have the ability to modify themselVés

In the PARC, Suh et al. developed thelecubesrobot[137F°. It is a cube with 6 prismatic articula-
tions that allows it to move all of its faces. What is more dlthe faces have a coupling/uncoupling
system by which modules can be connected one to anotherjscahdected. With this system very
compact 3D structures can be created and can re-configunséhees.

The distributed robotics laboratory of Mi¥is also interested in modular robots. Kotay et al. have
createdMolecule[71]. This robot imitates a two atom molecule, joined by ddigegment. Each
atom has 5 connectors to join it to other molecules and twoesegyof liberty. The grouping of
various molecules permits the creation of structures inawavell as three dimensions. In the first
prototype only one molecule was implemented. Further waak done to improve the modules and
a two molecule structure was implemented[69][70].

In the same laboratory, Rus et al. worked@nystal[116], a configurable robot made up of atoms that
can form two-dimensional structures. The atoms are fowedaribes that can expand. In contrast to
other modular robots, where there is translation of the afanovement in this one is only obtained
by expansion and compression [117].

19More information in http://www.cs.cmu.edu/~unsal/resaéces/cubes/
20More information in http://wwwz2.parc.com/spl/projectsidrobots/lattice/telecube/index.html
21More information: http://groups.csail.mit.edu/drlwikdex.php/Main_Page
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The latest prototype developed in the MITMéche[34]. The idea is completely different to the rest of
the modular robots. It starts from the idea of an amorphausttre, as if it was a marble block in the
world of sculpture. The user specifies the 3D form he wantsc¢alpture”. He makes the calculations
and the system disconnects from the amorphous mass all tiee@ssary modules. When the object
is taken, the unused modules stay on the ground, leavingeéagad structure. The modules are cubes
that only have the capacity to join themselves one with therofthey do not have any degrees of
freedom). Among the experiments carried out a dog and a hoithliave been “sculptured”.

In Denmark, at the the Maersk Mc-Kinney Moller Institute Bnoduction Technology, work is being
done onATRON [60]. Starting with the ideas of CONRO and M-TRAN an sphdrivadule has
been created that can rotate around its equator, dividegithdule into two semi-spheres that rotate,
one in relation to the other. The modules can link togetheuh a way that the rotation can be made
on any one of the three axis: x, y, z. In the latest version ¥@Bese modules have been created and
diverse simulations and experiments have been realispd[17

Goldstein et al., of CMU, are developing the idea of syntiagireal structures in three dimensions
from virtual modules, within the proje@laytronics[35]%2. The aim is the development of what is

denominated a Claytronics: a computer generated synitigigct, but with a real physical structure.

These systems are formed by atoms calledoms (Claytronics Atoms) that can move in three di-

mensions in all the structure. By the re-combination of ¢heg®ms the Claytronic attains the desired
shape. In the Miche prototype real structures are also sgig#d, but the approach is that of a “sculp-
turer” that eliminates excess material. In the Claytrorapproach it is its own atoms that reorganise
to create the object.

In the first phase work is being done on Catoms restricted ¢adimensions [67]. The movement of

these catoms is obtained through the correct co-ordinafiefectro-magnets, in such a way that not
one type of actuator is needed. The aim is to be able to miigatto achieve nano robots of this type
that can be relocated to form the Claytronics.

In the Bio Inspired Robotics Laboratory (BIRG) and learnaigorithms (LASA) of EPFL an inno-
vative concept has been suggested. Use three dimensiaradbses for creating furniture that can be
reconfigured. The prototype of the proposed modulRasmBo{2]?3 and is inspired in Yamor. In
the figure 2.18 the shape of some of the furniture, made upesktmodules, is shown. The desire is
that the furniture forms part of the new centre that is beimgstructed. They are not only static, but
also have the ability to mogé
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Roombot

Figure 2.18: RoomBot prototype: a lattice modular robotgieed to make re-configurable furniture

2.7 Classification of the modular robots

The figure 2.19 shows a clasification of the modular robotstieg to their structure and connec-
tions, that will be explained below. All the robots preseieeviously are placed in different groups.

To study the modular robots’ locomotive property configionad it is essential to classify them by
groups that share the same characteristics. The propasssificlation is based on the structure and
the connections between the modules. One must emphasigbeha-configurable modular robots
can belong to different groups, due to the fact that variausfigurations can be built with them.
For example, with the Polybot modules an apodal robot witineations pitch-pitch can be created;
that is included among the robots with one dimensional gl But also a quadruped with two
dimensional topology can be built.

Mark Yim[163] proposes a basic division of three groupsictée (lattice), chains and hybrids. The
lattice type modular robots connect with each other to form structurethé same way that atoms
join together to form complex or solid molecules. They are tbbots that have been described
in the section 2.6. The idea behind all of them is to make sires that can dynamically modify
themselves. According to the type of structure, they carrbeped as 2D or 3D. Among the first are

22More information in: http://www.cs.cmu.edu/~claytrosieardware/planar.html

23More information: http://birg.epfl.ch/page65721.html

24author's note: | am not very clear what use is this mobile funre, nevertheless it seems to me an entertaining applicat
I would like to visit the centre to see the system in action ;-)
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Figure 2.19: Classification of the modular robots
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Figure 2.20: Example of the three sub-types of chain modalzots: a)1D Topology; b) 2D Topology
2D; ¢) 3D Topology 3D

Metamorphic[12], Fracta[100], Crystal[117] andCatom[67]. Among the seconBracta 3D[101],
Moleculg[71], Telecubd137], I-Cube[144], ATRON [60] andMiche[34].

The chain type modular robots are formed by uniting different chains of med. For example
the structure of a quadruped robot can be seen as made up ehfies: a central one that acts
as the spine and four more for the extremities. The robothisfgroup are better for locomotion
because they reconstruct animal morphology. The chainsoofutes can act like feet, arms, spine,
etc. The lattice type robots, though they can also move, arghmslower, as they are based not on
the global movement of the structures, but on module to mothdvement. Théaybrid modular
robots possess the characteristics of both these groups: suidaodse built with them as well as
chain like structures. Within this group are found the malstsmced modular robots)-TRAN [102]
andSuperBot124].

At the same time, according to their topologkain type robotscan be divided. They can have a 1D

topology, such as worms and snakes, 2D topologies, quadisupelygonal structures such as stars,
pentagons, etc., or 3D topologies such as hedgehogs. Irgiive £2.20 can be seen an example of
the different topologies. Once more it must be emphasisaidthie re-configurable robots can have
configurations with different topologies, for this reasbiyt can be placed in various groups. The
criterion followed in the diagram has been to place the r@hotording to the experiments that have
been carried out with them. For example, with Polybot theeeipents have been with the quadruped
configuration, therefore it has been included in the 2D togiels group, but it has also been tested
with a worm configuration, therefore it is in the 1D topologpap.

The 1D topologiescan be worms, snakes, arms, legs, spines, etc. In genesalstractures are very

flexible and can adopt different shapes. They can, for exanty@ introduced into tubes, intestines
or in general tortuous routes. If they are sufficiently lotftgy can form loops and move like a
wheel[64][136].

According to how the propulsion to move the robot is genelatee propose two categories. One
is what we callapodal robots?> that comprises all the robots that move by means of body mstio

25Clarifying terminology: Granosik et al., proposed callibgth groups of snake robots and serpentine robots. Thesfirst i
what | baptised as apodal robots, and the second as selff@d@podal robots
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Figure 2.21: Different types of connections in the apodalote a) Pitch-pitch. b) Yaw-yaw. c)
Pitch-yaw.

The modules alone are unable to move, but when they are jtanfedm a chain and are adequately
co-ordinated manage to do so. That would be the case of tlegimal worms and snakes. In another
group are the robots that move by means of active wheelsemubar tracks. These are knownself
propelled apodal robots In these each module can move as an autonomous unit, ussreyttem

of propulsion. This group is employed in applications ofrsband rescue or inspection of tubes or
bridges. Generally they are more industrial. As their rmitbis by wheels or caterpillar tracks they
can move across a wide variety of terrain. Being of 1D topyplibgy possess the flexibility of this
group and therefore can adapt their shape to the terrambabstacles, go through tubes, etc.

Among theapodal robots propelled by wheelshere is:Koryu | [52], Gembu[66], GMD-Snake[68],
Makro [111] andSwarmbot [94]. Among theapodal robots propelled by caterpillar tracks: Ko-
ryull [53], Souryu | [138], Souryu 11[140], Kogha [61], Omnitread OT-8 [43], Omnitread OT-
4[4] andJL-1 [171].

In the apodal robots group, we propose classifying them according to how the modulesan-
nected one to the other. As can be seen in the figure 2.21, tireection can be of yaw-yaw type
(that is to say the modules rotate parallel to the groundpitch-pitch (they do it perpendicularly)
and pitch-yaw where the modules that rotate parallel to tieaigd alternate with those that turn
perpendicularly to the ground.

The connectivity between modules is a very important chiarestic and determines what sort of
movement can be carried out. Therefore,yag-yaw groupis that that includes all the robots that
move like snakes. This type of movement requires that tlegidn coefficient in the tangent to the
body axis is very small while the normal is infinite (or the @pesst possible). The snakes obtain this
thanks to their scaly skin. The snake robots use passivelsvte&@ulfil this requirement. For this
reason, this group is special. Not only does it need body mewt but also the passive wheels or
skins. They are, therefore, specific robots. If one takesgemodules (for example the Polybot)
and builds a robot of this group, one cannot obtain loconmatithout adding external elements.

Within this group are found all the robots that are develdpeskd on the gait of snakes on the level.
They are:ACM-Ill [47], ACM-R1[48], (Ma et. al)[82], SES-J145], S§90], WormBot[19] and
Amphibot | & Il [21].
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Figure 2.22: An example of the problem of co-ordination iruadruped robot with 12 articulations.
Finding the functiong; (t) so that the robot can move

The pitch-pitch group only allows the robots to move in one dimension, forwards ackwards.
It is a movement similar to the worms or caterpillars. Thew @#so turn over on themselves to
form a wheel. In this thesis this group of robots is used foretited study of one dimensional
locomotion. The following robots have been subject to eixpents with this type of connectivityv-
TRANJ[102], Polybot[157], Superbot124], Yamor[92], PP[40] andCube Revolution§39]. These
last two carried out in this thesis.

The pitch-yaw group allows the robot to carry out many types of different movetagsuch as roll,
side winding, climb, etc. Some of the robots already memitibthat have this type of connectiv-
ity are: ACM-R2[142], ACM-R3[96], ACM-R4[152], ACM-R5[142], Helix[139], (Downlin)[27],
CMU-snake[150] Polybot[157], Ckbot[165], Conro[8], SMA[153], (Chen et al.J11], PYP[40]
andHypercube[42]. These last two created by the author in this thesis.

2.8 Co-ordination and locomotion

We have presented the state of the art of apodal and modblets;@nd have classified them accord-
ing to their structure and connectivity. In this sectionititentrol will be analysed. We will see what
alternatives exist to resolve problems of co-ordinatioth&hich is the one we have employed in this
thesis.

2.8.1 The problem of co-ordination

When a mobile robot has wheels or tracks, the lower level afitaotion does not present any prob-
lems. One only has to make the motors turn to obtain the monenide difficulties appear in the
superior level tasks, such as the planning of routes andjatwn.
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Nevertheless, if the robot is articulated and it either lees 6r it is and apodal robot, the problem of
co-ordination arises, even if the movement is on a flat sanfeithout obstacles. It is necessary that
all movements of the articulations are synchronised sattieatobot can travel. This problem can be
stated in the following way:

Co-ordination problem: Given that a robot with M articulations find the functiogigt) that decide
how it has to vary with time the angle of each articulationIsattthe robot manages to move.

In the figure 2.22 an example of a quadruped modular robot easebn, with two dimension topol-
ogy and twelve articulations. The problem of the co-ordovawill be solved if the functions
#1(t),...,¢,(t) are found and the value of its parameters with which the qumedtt is capable of
travelling. The solution depends on the gait that one desa@btain: movement in a straight line,
sideways, turns, etc., and in general it will not be the omlg.o

In the following sections the different ways of addressimg problem are presented.

2.8.2 First approach: Manual solution

To implement easily the locomotion in modular robots, MaikYused, in Polypod, what he called
‘gait control tables' [155]. The columns are vectors that contain an articutatiaiscrete position
for each moment. The positions are kept in the files momeéwntarhe controller revises the tables,
sending at each moment the position to the actuators. Wizeries at the last line it starts from the
beginning, carrying out a repetitive movement.

When the modular robots do not have many modules and the nesusrare simple, these tables can
be created manually. It permits the definition of sequentesavement “frame by frame”, as if it
were an animated film. This is the remedy adopted in the rBhoichobot I, developed by Prieto-
Moreno[108]. Using a software with a graphic interface thets in the PC, the user establishes the
position of the articulations, that are recorded in the aatiable.

Another example is the hexapod robdelanie 11l of Alonso-Puig[1]. The application that runs in
the PC permits the manual generation of the sequences. Hiteopimg of the articulations can be
done either by the graphic interface itself (using slider)y using gestural programming, in such a
way that the user places the robot'’s feet in the desiredipnsiaind the application records them.

The manual solutions allows for the prototypes of the roliotise tested during their construction
and to detect at an early stage of design any possible mechanoblems. Also it allows to explore
very quickly possible solutions for the co-ordination. Meweless, they lack flexibility. To enable
the robot to move in different ways a new control table hastergated. Also, if the robot possesses
a lot of articulations, its creation can be tedious and cempl
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2.8.3 Approach II: Inverse Kinematics

The classic approach is based on the idea of employing ieéngmatics. The idea is to apply the
same techniques used for manipulators, but to the robats Téne function®; (t) are obtained from
the functions of the trajectory of the supporting points.isTimethod has been studied in detail in
hexapods by Fligliolini[30] and has been implemented in Ahenso-Puig robot Melanie[1]. The
trajectories of the feet's extremities are specified by mezrsinusoidal functions. Using inverse
kinematics the position of the anglgs(t) are obtained.

The apodal robots can be considered as hyper hiper-redumdanipulators, formed by infinite ar-
ticulations. Chirjkjian[14] employs functions to des@ithe form that the manipulator must adopt
and gets the angular expressions. Gonzalez et al.[41] Heweegplored this type of solution, but
using what is denominated the adjustment algorithm, in vhiiterates on the articulations and goes
finding the angles so that all of them are placed on a curveh Wise algorithms the control ta-
bles have been automatically created and have successfoMgd an eight articulation apodal robot.
Spranklin[132], in his doctoral thesis, studies the kingoseand the dynamics of an apodal robot of
the pitch-pitch group and proposes a solution using classitrollers.

The inconvenience of the classic approach based on inversmktics is that it requires greater com-
puting power compared with the bio-inspired approach, Wititbe discussed next. Therefore the
bio-inspired controllers generally need less powerfutl(eneaper) microprocessors for their imple-
mentation.

2.8.4 Approach lll: Bio-inspired

Another approach is to use nature as a source of ideas, amal imjtate it. Living beings in the
animal kingdom just move. Their brains do not seem to be emtigtreading the position of their
extremities(x, y, ), nor to use inverse kinematics to constantly contract tieiscles.

In nature the vertebrates and invertebrates have speciedmes called CPG<£gntral Pattern Gen-
eratorg. These centres oscillate and produce rhythms that comiuskle activity to carry out ac-
tions such as breathing, bowel movements, masticatingmotion, etc. Based on biological studies
mathematical models are constructed from these osciland they are applied to robots to con-
trol locomotion. In this bio-inspired approach the funoBa; (t) to be applied are obtained from
the mathematical models of the CPGs. In contrast to the $evieinematics approach, during the
movement a bio-inspired controller does not know the pasitif its extremities. It only acts on the
muscles to obtain locomotion. For this reason the compuyitwger necessary is, in principal, less
that that for approach II.
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Figure 2.23: The lamprey used by the biologists to study R&E

2.8.4.1 CPGs and Biology

One of biology’s investigation tasks is the physiology whexmong other things, the mechanisms of
living beings that carry out the basic functions, are stddas for example walking. The existence
of pattern generators was documented for the first time bgd[L48] in his study on locust flight.
In the experiment carried out by Shik et al. on de-cerebrea¢s{127] in 1966, it was observed that
a vertebrate’s locomotion mechanism is situated in thesdjgiolumn, and was also based on pattern
generators. The brain stimuli are not in charge of this mamnrather its “modulation”. In 1980
Delcomyn[25] coined the term CPG to refer to this group ofroees that oscillate rhythmically.

Within this group of vertebratethe lamprey (see figure 2.23) is the one that is most used to study
CPGs, because its spinal column is transparent, containsdls and lasts at least a week outside
of the animal (in a saline solution) without deterioratiofhis allows the biologists to carry out
experiments more easily[113].

Cohen proposed mathematical model for the lamprey’s CPJ18] and later Williams et al. carried
out various experiments on the different phases obsenadyimerated the patterns[147], and the
effects on the co-ordination[129].

2.8.4.2 CPGs and Robotics

The fusion of different fields of investigation always illimates and permits addressing the prob-
lems from another perspective. This has occurred with foba@ind biology. One of the pioneers
in applying CPG models to robotics has been ljspeert, of EPBio-inspired Robotics Laboratory.
In his doctoral thesis[55] he proposed neuronal modeldirplementation of CPGs for lamprey
and salamander locomotion, thereby placing the foundafimrits posterior implementation in a real
robot. By means of evolutive algorithms parameters areiddisfor an optimal locomotion. In later
work he continued carrying out simulations of his model$gr®d in 2004, together with Crespi, im-
plemented the first prototype afmphibot[21] (see section 2.3.4), demonstrating the viability & hi
bio-inspired model for robot locomotion.
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In later work the model was improved and the transition frame of the salamander’s gaits to the
other has been investigated. This animal’s charactesigtithat it can swim and also move on land.
Both gaits have been modelled, simulated and implementadhizhibot[57]. In [56] the problem of
how to make a smooth transition has been studied.

The CPGs model has not only demonstrated its value in speaclfiat designs, such as amphibot,
but is also being successfully employed in the movement néde modules. The EPFL is leader
in these matters. Bourkin carried out simulations of loctioroof a modular robot with different
morphologies such as: wheel, worm, quadruped. All of theed3PGs[5]. Further improvements
in the simulations were made by Marbach et al.[86][87], dreMalidations in the robot Yamour were
carried out by Sproewitz et al. [133][134] and [89].

The CPGs model has also been successfully applied in thelaradbot M-tran. Kamimura et al.
used Matsuoka’'s CPGs model[88] to implement the locomaifanworm and a quadruped[63].

The CPGs bio-inspired model is not only being used in modulbots, but also in locomotion for
guadruped robots [33][130], in the eight footed robot Semrpand en in humanoid robots [28].

In the neuro-computation group of the Autonomous UnivgmsitMadrid’s Politechnic School Her-

rero et al. have modelled and implemented CPGs based on\Railkodel[115] to control an eight

segment worm robot [46]. The experiments were carried otlt thie Cube Revolution robot, devel-
oped in this thesis.

2.8.5 Approach IV: sinusoidal generators

The problem of co-ordination has been resolved by natureréfare it is “only” necessary to imitate
it to obtain robot locomotion. Nevertheless in the biol@ajimechanisms there is certain complexity
as well as a lot of redundancy. Perhaps the answers appear terp specialised or too “rich”
supplying too much information could be unnecessary foottdcomotion.

In the field of neuro-computing all the neurons and CPGs ardethex] in detail, the mathematics
equations are obtained and then simulated later. Moreitsrpossible to try these models in real
robots, with the aim of confirming if they are correct, conipgrthe locomotion of the artificial
animal robots with the real ones. The aim of these experisp#imerefore, is to confirm the value of
the models. The robot is only a medium towards this end. Nlegkgss, from the robotics perspective
what happens is the opposite. The aim is to have a robot thahcae in the best way possible, with
the least consumption of power and resources. The neur@uaiimy models are used as inspiration
and the necessary simplifications are applied.

Due to this, another way of addressing the problem of therdasation isto employ solutions
based on the simplest of CPGs models possibli@ such a way that their implementation is simple
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and needs the least resources. One possible simplificatiorsubstitute the CPGs by sinusoidal
generatorsthat directly control the position of the robot’s articudats, This simplification is work-
able for the study of robotics locomotion in a permanentrregiin that when the CPGs have reached
the stationary regime, they behave like fixed frequencyllasois. What is more, observation of an-
imal locomotion shows that the frequencies of the rhythmiwements are the same and there is no
evidence that the different spinal oscillators use diffiéfeequencies[55][87].

One of the aims of this thesis is to explore the locomotionpddal robots of the pith-pitch and
pitch-yaw groups, using sinusoidal generators. This idesatieen recently used for the movement
of one dimensional topology robots to obtain smooth, nétlifa like movements, as for example
in the latest apodal robots of the CMU [81][150]. Chen et @k @sing them to obtain movements
that adapt to the surroundings [10]. Also the viability imtdimensional topology robots is being
studied. Such is the case of the quadrupedhBot 11[109] in which Prieto-Moreno et al. have
employed sinusoidal generators for movement in a straigét |

2.9 Modular robots applications

Modular robots have some characteristics that make thequanDutstanding among them are move-
ment flexibility, self repairing, self reproducing, selfrdguration and formation of solid structures.

Though these very advanced prototypes exist, as yet thebpitgof their practical use is being
explored. In the following section some of the referencesaaly given will be classified according
to the three principal applications that are being evatliate

» Search and rescue[156][90][149][49][61][171].
* Inspection of tubes and bridges:[138][140][111][43][105]

» Space exploration:[162][131][124][77][79][141]

2.10 Conclusions

In this chapter we have seen the evolution of apodal moduolzots and the latest prototypes that
have been created in the most important international tigaggon centresThe problem of locomo-
tion has been presented, and in contrast to the classical swutging rigid structures with wheels,
caterpillars or feet, the idea has arisen of usiefj-configuring modular robots, that are capable,
at any moment, of changing their shape to be able to move imtist efficient way. Also modular
robots have been developed that are orientated to theamezttwo or three dimensional structures,
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in a similar way to matter being formed by atoms and moleculéss will allow, in future, creation
of solid objects that can change their shape.

From the view point of structure, in the last decade intemastgrown irapodal robots They have

a one dimension topology that gives them a unique locomatigability, such as the possibility of
deforming the body to go through tubes or areas with many saol crannies. These robots move by
means of body movement, in a way reminiscent of snakes anahsv&elf-propelled apodal robots
have been developed to be used in practical applicatioag,also have a one dimension topology,
but movement is obtained by means of wheels or caterpibaks situated on each module and not
by means of body movement.

To sum upa classification for all the mentioned robots has been estabhed using as a yardstick
the structures that they can form and the connection betwestules. The groups in which this
thesis is interested are tlagodal robots of pitch-pitch andpitch-yaw type. The robot group with
connection yaw-yaw, similar to real snakes, has been stiidily by other investigators. These robots
need special conditions of friction between the body andthitace they travel on, which means that
in the existing prototypes passive wheels or artificial skiave been added. Nevertheless, in the
other groups locomotion is obtained solely by means of bodgians. Their study will permit that
any generic modular robot that adopt a one dimensional ¢ggyotan move without having to use
special modules or artificial skins.

When the inferior level of modular robot locomotion is stediihe problem of co-ordination arises.
This consists in calculating the functions and the pararedteat must be applied to each of the
articulations so that the robot can move. One way of solvirgroblem and which has led to very
good results is thbio-inspired approachbased on using th@athematical model of animal CPGs
as control functions.

From the viewpoint of biology the CPGs are studied to undecstheir functioning and to know
more about living organisms. To do this measurements oerdift animals are carried out, and
mathematical equations are proposed to model these CR@®datibns are made and are recently
being implemented in animal robotics to confirm if they arerect, That is to saygiological knowl-
edge is used as an instrument to validate the robotdnvestigation concentrates on obtaining data
and the modelling of the CPGs.

Nevertheless, from the robotics point of view the contraapiens. The aim is to have a robot that
can move in the best way possible, with the least consumpfipawer and resources. The biological
models are used as inspiration and the necessary simjitifisaire applied. The internal parameters
of the CPGs and the biological significance does not have isyjgbrtance. For this reason the other
approach to robotics locomotion is ththe robots employ simplified CPGs models|n this thesis
we propose a model for locomotion of apodal robots basesirarsoidal generators

Although other investigators have constructed prototygfespodal robots of the groups pitch-pitch
and pitch-yaw, up to now their locomotion has not been adaeérom a general perspective. The



2.10. CONCLUSIONS 51

problems of direct and inverse kinematics have not beeredolveither has their locomotion been
related to the number of the robot's modules. The followingstions, therefore, are unanswered:
What is the minimum number of modules that a robot has to habe tible to move in one or two
dimensions? What is the minimum number of control pararmetecessary to obtain locomotion of
the apodal robots, whatever the number of their modules? téowalculate the step that an apodal
robot takes in function of the parameters employed in thessiidal generators? What amplitudes
and differences of phase are to be applied to the moduledlatsmns so that the robot fulfils the
given restrictions?

This thesis deals with, from a general perspective, theystlithe apodal robot’s locomotion, equally
in one as in two dimensions. The relationship between thélatecs’ parameters and the way in
which they move the robot is established. A methodology @ppsed to resolve the problems of
inverse and direct kinematics and all the ideas are summadd ppncipals of locomotion. The
minimum configurations are presented, that is the robots with the least number olutesdhat
can move, with the movements they can make and the necessarglparameters’ values. Finally
experiments in simulation and with real modules have beetecbout, that confirm the principles
enunciated.

This thesis confirms the viability of using sinusoidal geneatorsto control the permanent regime of
the apodal robots locomotion. This allows the implemeatedif controllers using less resources than
with the classical approaches and therefore they can bgratésl into low range microprocessors, or
directly as part of an FPGA's hardware.
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