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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



viii

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



4 CHAPTER 1. INTRODUCTION

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 ieEsaitile 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 eleimare 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, tergélar tracks. This has the disadvantage
that a wrong choice at this level will imply redesigning tldot. 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 wede & 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 ofahets 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 loconmmotih 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 dimensionalltayy. 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 aetfyaw.

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 modul#ots 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 specifidrotlers that obtain the angles of the
articulations by means of inverse kinematics. As an en&dhe 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, whikes it difficult to re-use them in
other configurations. Each configuration has its own kineasaind consequently its own equations,
therefore each controller will be different. On the othemdhgthe 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 cdfdrs. 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 protiytems 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 ps&egsnén 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 extresimajyly 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 FPGASfigpeiccuits can be designed that
allow the robot to move “by hardware” in the same way that #ils bf 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 sinugggdarators 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 t® 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 onaitalggenerators. Below the concrete
aims are formulated, each one linked to a question:

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

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

3. Characterise the gaits using the minimum number of paed//hat is the minimum number
of parameters needed to perform the moveme@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, clasdifjdantify the original contribution of
this thesis.

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

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

Finally, as apersonal aim of the author of this thesis, the experimental platform wedor the
verification of the results, made up of hardware, softwaitrapchanicshas to be open and free
and also designed, as far as possible, uBermdevelopment 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 investgat

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 modulkgepess only one actuator, and no
sensor. On one hand they do not need sensors to read thepasithe servos as the control
is in open loop. On the other hand it is not necessary to oltfdnmation 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 contsolél be programmed in the com-
puter and sent the positions of the servos to the robot bychipimeans of a serial connection.
The power source will be external, situated outside thettoBmce the viability of the solu-
tions is found, to make a robot that does not need any typelé 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 lefdecomotion, 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 pragreesgular 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
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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 tfMecomotion, robots can be classified
according to the effectors employed to move thenmteels caterpillar tracks, feet or the body.
This category ofipodal robotsincludes those robots, that like their counterparts in regtachieve
locomotion through body motions. These are the four classategories for the study of locomo-
tion, nevertheless the classification is not definitive. AarkiYim has noted [163] in his doctoral
thesis, new effectors can appear that do not fit in any of tkategories. Such is the case of the
whegs[116] and his version mini-whegs[103], created bynQuit al. 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 phdtosbmts that use different effectors to
achieve movement: wheels, caterpillar tracks, whegs, laadyfour, 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 [83], in his@atthesis, addressed the problem of
the automatic design of robots, using an evolutionary aggroHis central idea is that the search for



2.2. LOCOMOTION 15

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[&fd 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[85] 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[38].
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[28], 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[137] 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 boolBlologically Inspired Robot$51], 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 curvg150], 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[52] was born. It was a revised and modernised ACM-III. Itited 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 [31].

The following prototype ACM-R2, has greater freedom in each module allowing pitch as well as
yaw[148] 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 th&CM-R3[101].
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 desigredth 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@/irio be propelled in inclined positions. The
prototype was used to investigate new ways of locomotioh sscrolling, sinus-lifting or inclined
movements[102].

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., AtE8M-R4[160] 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 easillje ground as in water. From ACM-

R4 and an amphibious prototypdelix[145] the versioPACM-R5[159] 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-propulsiahdeveloped a simplified version of ACM-
R1 with 12 less mechanically complicated modules and anargat system of control[87]. 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[88]. Lastly the locoomotif the robot on inclined terrain was
studied[90]. Parallel to this, Professor Shugen Ma’s gralgp started to study apodal robots with
pitch and yaw connections[89]. A module that possessedaicelegree of freedom and activated by
a servo was developed and with it configurations of robotgewssated to study different movements
and their adaptations to the environment. Concretely agpihovement to overcome obstacles was
suggested[13], and in [12] the problem was studied in a mereegl way, suggesting other gaits
depending on the environment.
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CMU snake evolution Going upstairs Sidewinding

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[29], 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[129] to
attain snakes in 3D, as well as actuators that permit opticiimbing ability[26].

His investigations of the superior level have concentrateglaning movements, developing loco-
motive algorithms and positioning in what is known as hypetundants[18][17].

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 communicatioeg1b8]. Different types of ‘skins’ are

2http://download. srv.cs.cmu.edu/~biorobotics/
3Youtube channel: http://www.youtube.com/user/CMUBlmtics
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i Amphibot I

TN ;

Amphibot Il

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[86]. 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[23]* 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[63].

The first prototypeAmphibot-I [24][22] 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 [25], 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[62].

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

Figure 2.5: Left: Wormbot, designed by Conrad[21]. RigHg; Bliller[96]

2.3.5 Others

One of the most realistic snake robots obtained is the e developed by Miller[96]. 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.[21], developed by the University of ZurilNeuroinformatics 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[20]. 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[152] 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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Koryu-1 (1990) Souryu-I (2000) Gembu (2002)

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[4 Beapentine 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[55], these arennasarticulated 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[56] 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 [57] 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[144], 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[146] is similar but its modules are easily separated tolifate
transport and add special intermediate modules.

The Genbu (1, Il y III)[71] 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[65], developed for search and rescue operations. It haslile®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 [53] 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 [73]
(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
[111] application to the inspection of buildings is beingdied.

The other is théakro [117] 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[141].
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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.[47] 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-seganisation. The prototype developed[100]
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[99][48].

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[153]. 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[181]. 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[178].The robot is planned for militaapplications[185].

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[163]. 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[163J &mplified summary (in Spanish) can be
foundin [41].

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 roBollybot[165]'°. 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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Polybot Polybot Polybot
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Figure 2.9: The modules of Polypod and Polybot

According to Yim the three promises of modular roboticsld@re 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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G1 module
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Figure 2.10: Polybot. Different configurations of Polybdt G

a re-configuration[166]. 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)[169][168]. One of the
strangest experiments was imitating the human ‘undesggetihips and legs) making them move by
pedalling a tricycle[174]. 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[175], 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 moduleg167]. 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
[118].

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[39] has been developed to program
and drive them. This includes programming in a scriptingyleage to control the various configu-
rations based on XML[182]. 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[183][184].
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 [113] (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) [172][173]. 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)



2.5. MODULAR ROBOTS AND LOCOMOTION 31

M-TRAN modules Wheel Caterpillar Quadruped
LIl and 111 =

Hexapod Caterpillar simulation Quadruped simulation

M-TRAN Il dul

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[134]. The mechanical unaiwben the three clusters is by means
of permanent magnets, while the internal modules are jdiyestrews. In the experiment realised in

[173], 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[127] or the
creation of a centipede robot from modules that add extégietf128], are continuing to be studied
and analysed.

255 M-TRAN

One of the most advanced modular robots that exist at the msteM-TRAN (Modular TRANformer)[1051*
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 | [110]. 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[54]. 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, queli, and dynamic configuration [70].
As well as the mechanical and electronic design of the moadupowerful simulation system was
developed[80] that was used to explore the modules’ pds&bj causing a block of 12 modules to
pass over obstacles and simulate different algorithmsasfrgd movements[177] and simulations of
self-reparation[109].

In 2002 the second generatioM-TRAN-II [108] 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 [66]. 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 [68]ewértheless, one of the most novel
experiments that was done was the reconfiguration of a qpadrimto a worm [78], something that
had not been seen before. To achieve it, it is necessary itotipdasteps that the modules have to
follow to reach the goal [176]. Due to these experiments th@ RAN became the most advanced
modular robot.

The present generatioll-TRAN IIl [67] 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 [81] and reconfigured [79]. One of the new padkisds of these modules is that of
incorporating specialised modules, for example mini-ca®§l04] to help in the implementation of
the reconfiguration.

2.5.6 CONRO

The CONRO module$® were developed by Castano et al.[10] at the University otiS@alifornia’s
ISI (Information Science Institute) for the implementatiaf what are callednetamorphic systems
robots that can change their shape. What Yim called selfigrning (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[9]. The ocguplstem 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[11]. Also it is possible to lecgiecial modules, for example a mini-
camera [8].

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)[132]. In [120] 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 spaceiagibdns[130]. How to employ it as a
mobile platform to move on another planet’s surface andecoihformation is being studied[147].
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 [84]. The idea is to place more than 100 modules on the chass
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}E88] 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[131][124].

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.[1126] an algorithm is proposed
to resolve these problems, allowing the topology to changgis is inspired in the concept of
hormones[125].
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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[98]. 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[97].

Maye et al.[95] 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.[162] 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®[186] 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[187]. 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[34] (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[33]. 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[14]. It is a net of modules arranged in two dimensions thatw@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 stutédind 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[112].
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[106]. 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[107] 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[49], formed by a tetrahedral module with spherical articulagio
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[58] 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[143F°. 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[76]. 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[74][75].

In the same laboratory, Rus et al. worked@nystal[122], 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 [123].

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[36]. 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 [64]. 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[19

Goldstein et al., of CMU, are developing the idea of syntiagireal structures in three dimensions
from virtual modules, within the proje@laytronics[37]%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 [72]. 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[171] proposes a basic division of three groupsictéé (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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Metamorphic (Chirikjian)
Fracta (Murata)

Crystal (Vona & Rus)
Catom (Goldstein et al.)

Fracta 3D (Murata et al.)
Molecule (kotay et al.)
Telecube (Suh et al.)
I-Cube (Unsal)

ATRON (Stoy et al.)
Miche (Rus et al.)

o]

MTRAN (Murata et al.)
SuperBot (Shen et al.)

1D Topology

2D & 3D Topologies

Yamor (Moeckel et al.)
Polybot (Yim et al.)

M-TRAN (Murata et al.)
SuperBot (Shen et al.)

Apods (snake)

ckbot (Yim et al.)
Conro (Castano et al.)

| Self-propelled apods (serpentine)|

]
]
Yaw-yaw | | Pitch-yaw |
I I

ACM-III (Hirose et al.)
ACM-R1 (Hirose et al.)

(Ma et al.)

SES-2 (Ute et al.)

S5 (Miller)

WormBot (Conrad)
Amphibot | y Il (Crespi et al)

_|

Pitch-Pitch |

PP (Gonzélez-Gémez et al.)
M-TRAN (Murata et al.)
SuperBot (Shen et al.)
Yamor (Moeckel et al.)

ACM-R2 (Togawa et al.)
ACM-R3 (Mori et al.)
ACM-R4(Yamada et al.)
ACM-R5 (Yamada et al.)
Helix (Takayama et al.)
(Dowlin)

CMU-snake (wright et al.)
Polybot (Yim et al.)
ckbot (Yim et al.)

Conro (Castano et al.)
SMA (Yamakita et al.)

(Chen et al.)

Koryu | (Hirose et al.)

Gembu i,Il y Il (Kimura et al.)
GMD-Snake (klaassen et al.)
Makro (Rome et al.)
Swarmbot (Mondada et al.)

Koryu Il (Hirose et al.)

Souryu | y Il (Takayama et al.)
Kogha (Kamegawa et al.)
Omnitread OT-8 (Granosik et al.)
Omnitread OT-4 (Borenstein et al)
JL-I (Zhang et al.)

PYP (Gonzélez-Gémez et al.)

Hypercube (Gonzélez-Gémez et al.)

Cube revolutions (Gonzéalez-Gémez et al.)

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[14], Fracta[106], Crystal[123] andCatom[72]. Among the seconBracta 3D[107],
Moleculg[76], Telecubd143], I-Cube[151], ATRON [64] andMiche[36].

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 malstsamced modular robots]-TRAN [108]
andSuperBof130].

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[69][142].

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 | [56], Gembu[71], GMD-Snake[73],
Makro [117] andSwarmbot [100]. Among theapodal robots propelled by caterpillar tracks:
Koryull [57], Souryu | [144], Souryu 11[146], Kogha [65], Omnitread OT-8 [47], Omnitread
OT-4[4] andJL-1[181].

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 @pest 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 [51], ACM-R1[52], (Ma et. al)[87], SES-J152], S§96], WormBot[21] and
Amphibot | & 11[23].
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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-
TRANJ108], Polybot[165], Superbof130], Yamor[98], PP[43] andCube Revolution§42]. 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 memtibthat have this type of connectivity
are: ACM-R2[148], ACM-R3[102], ACM-R4[160], ACM-R5[148], Helix[145], (Downlin)[29],
CMU-snake[158] Polybot[165], Ckbot[173], Conro[10], SMA[161], (Chen et al.]J13], PYP[43]
andHypercube[46]. 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-ordinatiothahich 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 @fitaotion 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 functioggt) 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 eageén, with two dimension topol-
ogy and twelve articulations. The problem of the co-ordovawill be solved if the functions
#1(t),...,¢1,(t) are found and the value of its parameters with which the qumett 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 [163]. The columns are vectors that contain an articutdti@iscrete 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. Wiaenies 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 sequent@savement “frame by frame”, as if it
were an animated film. This is the remedy adopted in the rBhoichobot |, developed by Prieto-
Moreno[114]. Using a software with a graphic interface thais in the PC, the user establishes the
position of the articulations, that are recorded in the atiable.

Another example is the hexapod roleélanie 11l of Alonso-Puig[1]. The application that runs in
the PC permits the manual generation of the sequences. Hiteoping of the articulations can be
done either by the graphic interface itself (using sliderd)y using gestural programming, in such a
way that the user places the robot’s feet in the desirediposiaind 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 mecthanoblems. 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[32] 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[16] employs functions to des@ithe form that the manipulator must adopt
and gets the angular expressions. Gonzalez et al.[44] Haweegplored 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[138], 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[IL56] in his study on locust flight.
In the experiment carried out by Shik et al. on de-cerebrea¢s{133] 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[27] 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[119].

Cohen proposed mathematical model for the lamprey’s CPJ20] and later Williams et al. car-
ried out various experiments on the different phases obsg§t®4], patterns generation[155] and the
effects on the co-ordination[135].

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[59] he proposed neuronal modeldiirplementation of CPGs for lamprey
and salamander locomotion, thereby placing the foundafimrits posterior implementation in a real
robot. By means of evolutive algorithms parameters areinddisfor an optimal locomotion. In later
work he continued carrying out simulations of his model$f81 in 2004, together with Crespi, im-
plemented the first prototype afmphibot[23] (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[61]. In [60] 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.[91][92], dreMalidations in the robot Yamour were
carried out by Sproewitz et al. [139][140] and [95].

The CPGs model has also been successfully applied in thelaradbot M-tran. Kamimura et al.
used Matsuoka’'s CPGs model[94] to implement the locomaifanworm and a quadruped[68].

The CPGs bio-inspired model is not only being used in modulbots, but also in locomotion for
guadruped robots [35][136], in the eight footed robot Semfi39], and en in humanoid robots [30].

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

rero et al. have modelled and implemented CPGs based on\Railkodel[121] to control an eight

segment worm robot [50]. 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[59][92].

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 idealdeen 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 [86][158]. Chen et ak @sing them to obtain movements
that adapt to the surroundings [12]. Also the viability imtdimensional topology robots is being
studied. Such is the case of the quadrupedhBot 1I[115] 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 theguanDutstanding among them are move-
ment flexibility, self repairing, self reproducing, selfrdguration and formation of solid structures.

Though these very advanced prototypes exist, as yet thebpigof 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 evathate

» Search and rescue[164][96][157][53][65][181].
* Inspection of tubes and bridges:[144][146][117][47][111]

» Space exploration:[170][137][130][82][84][147]

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 usie{j-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
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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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Chapter 3

Models

“Science builds from approximations that gradually movareeto the truth”
—Isaac Asimov

3.1 Introduction

In this chapter the models employed for the study of modytexdal robots are presented. In the
first part models for the modules, the types of connectiangtioups of robots and their parameters
are introduced. In the second the three fundamental modefdrol, kinematics and mathematical

models are described. Finally, the conclusion establitiheselationship between all these models
and propose a solution to the problem of co-ordination.

3.2 Models of modules

To study the locomotion of modular robots three models aeelusired, hexahedralandreal. The
first is the most important and it is developed in the mathaaktodel. The hexahedral is used in
the simulations and the last one for the construction ofnaabts, with which experiments are carried
out.

3.2.1 Wired model

In this model the module is composed of two equal segmentsdiby means of a joint. The segments
are named left and right.

53
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a) Parameters b) Sign criterion

Length Joint

L e
% /
J -7 % Bending = 9>0
. /.\(P angle :

5 $¢<0

L2 L2 Positive angle Negative angle

Segments
left end Right end

Rest position

Figure 3.1: Wired model for the module. a) Parameters: Leagt bending angle. b) Sign criterion
for the bending angle

Legend and nomenclature:

& Centre of mass of module i: I’cmi
O Centre of mass of the segments: §), S—Di

© End points: Tj, D

® ointi: T

Origin

Figure 3.2: Position vectors and centre of mass of the madule

3.2.1.1 Parameters

The parameters of module i are (Fig. 3.1):

» Bending angle(¢i): is the angle formed by the two segments. This is deterntiyetie joint.
Its value is restricted at intervah 90, 90], which is typical of the commercial servos. The total
range of turn is 180 degrees.

e Length (L): Total length of module when it is in the rest position. listetate the bending
angle is zero degrees. Given that the segments are equalpeaevill have a length df /2.

« Mass(m). Itis assumed that the mass is uniformly distributed betwthe two segments (and
the joint does not have mass). Each segment will have a mas&of

« Position vector(T7): Position of joint i

» Position vector of the extremities I_.> 5:
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3.2.1.2 Centre of mass

The position vector of the centre of mass of the modugedenoted bycny. It can be expressed in
function of the position vectors of the joifff, the left endl; and right endD; as indicated by the
equation 3.1.

1
e =5 (T +20+D)) (3.1)

Itis found by calculating the centres of mass of the left aghtrsegments. From them, and assuming
that the segments are equal, the expression of the centrassfisiobtained by means of the equation
3.2. The position vectors of the centre of mass of the segramt be expressed in function of the
position vectors of the articulations and of the extrersitas indicated by the equation 3.3. Substitut-
ing these expressions in 3.2 the result is 3.1. In the figltel® modulé with the different centres
of mass and position vectors is shown.

SO 1 /m—- m_— . i+S)i

fom =% (7& + 73)i) I (3.2)
= L +T o T+D
5 = Jz”,sDiz“Zr (3.3)

3.2.2 Hexahedral model

In the hexahedral model each module is represented by twahleeixons joined by an axis (parallel
to they axis). Each hexahedron turns in relationship to the otheéhisrcommon axis (fig. 3.3). The
bending angle; is that which forms the axis of both bodies. The module’s dimensionsladé/ xH,
whereL is the length X axis),W the width § axis) andH the height (axig). Each hexahedron has a
mass ofm/2 and a length ok /2.

In this model it is supposed that no collision exists betwientwo hexahedrons when they rotate,
though they have the same measurements.

The position vector of the centre of mass is calculated ugiagsgame equation as in the case of the
wired (eg. 3.1), taking into account the joints that are fedain the module’s centre and that the
extremities|; y Di are the central points of the external faces of the left aedritiht hexahedron
respectively.
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Figure 3.3: Parameters of the hexahedral model

Rest position

Generic position

/ \
Perspective ;
view

Figure 3.4: Y1 module, designed for building modular robots
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Real module

Wired model < > < >
Hexahedral model L2 L2

Figure 3.5: Models comparison: wired, hexahedral and real

3.2.3 Real model: Y1 Module

The Y1 module has been designed for carrying out experiments (sectiaft)7.2s aspect and pa-
rameters are seen in the figure 3.4, and the relationshipetwited and hexahedral models in 3.5.
The hexahedral model has the same proportions as the Y1 matuthat it is the minimum hex-
ahedron that contains in its interior the Y1 module. It mustioted that the hexahedral model is
an approximation to the real module. Differences betweemthre: 1) The axis on which the Y1
module turns is not exactly in the centre. 2) When the bendirgle is positive the points of contact
with the ground are different.

3.3 Models of apodal robots

3.3.1 Parameters

Apodal robots that are studied in this thesis are uni-madard therefore there is only one type of
module. These are formed by means of eddahodules linked in a chain. The parameters defined
are:

« Number of modules(M). Topologically this number is not bound at the upper lim@ne
can think of apodal robots of any number of modules. But irctisaM will be limited by
consumption, wiring, torque, etc. The inferior valueNbis 2 (see chapter 6). Therefore ,
M > 2.

* Robot length (1). The robots being studied are made up of equal sized madllesf them
have the same length Therefore] = M.L.
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Apodal robot with M=4
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Figure 3.6: Centre of mass of an apodal modular robot madé 4pmdules

 Total mass of robot(m). As these modules are the same, the total mass of the rothditewi
m = M.m, wheremis the module mass.

« Position vector(T’): determines the position of the centre of the robot’'s mass.

With the wired model a total o + 2 points are used to describe apodal robots Witimodules:
corresponding to each joint plus the two extremities. Itsifan vectors are denominated by, with

i € {0...M+1}, wherer7 ...ry are the position vectors of the module’s joints agdry.1 are the
left and right extremities, respectively.

3.3.2 Centre of mass

The centre of mass of an apodal robot made up of eljualodules is expressed in function of the
position vectors of its pointsr§ ... Fy;1) as indicated in the equation 3.4. This equation is generic
for any apodal modular robot & modules, regardless of the type of connection used. Thesfigyér
shows the centre of mass of an apodal robot of four moduleshendifferent position vectors used
for its calculation.

1 B
T = — (m’+3r—1’+4zzv>'21r—f+3m>+r—’ml) M>2 (3.4)

To calculate this equation the formula for centre of masssyfistem ofM points, each of which has
massm, has been applied (eq. 3.5).

I
<

Fem (3.5)



3.3. MODELS OF APODAL ROBOTS 59

Orientation of the modules Type of connection Types of apodal robots

Pitch module

h
Dy,
an, e

Yaw module Pitch-yaw Pitch-yaw

Figure 3.7: Module orientations, type of connections andfigoirations for the modular robots

Substitutingre; by its calculated value in 3.1 and rearranging it the resudt4. The detailed calcu-
lation can be seen in the section A.1.

3.3.3 Types of connection

The study of the robots is limited to the groups with pitckepiand pitch-yaw connections. In the
figure 3.7 the wired model for these groups can be seen, asawdlie two classes of connection
between the modules.

3.3.3.1 Pitch-pitch connection

The pitch-pitch group is formed by all those robots in which modules are connected with the same
orientation, in such a way that all of them turn on the saméoadmplane. This type of connection
is denominated pitch-pitch. Because of mechanical linoitest, these robots can only move in one
dimension (forward or backward) and they are employed tdystihe locomotion in one dimension.
The joints are numbered from 1 td. The bending angles are expressed by meang,ofvith
ie{l---M}.
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4 5
6
Module R 3 l / ; Configuration with blocks |
AN /
| | Block | M=8
1 X s/ 8 B=8
—@———  Blockll ¢ v
5
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7 Configuration with blocks Il

1 M=8

B=4

Figure 3.8: Example of the block concept. The same 8 modbletiis shown but using two types of
blocks. In the upper part it is composed of 8 blocks. In thedoitvuses only 4

3.3.3.2 Pitch-yaw connection

This group is formed of robots that alternate the pitch and geentated modules. The first ones
are denominated verticals and the second horizontals. Tiimber of vertical modules will be equal
to the horizontal ones, which means thawill be an even number. For example, for a robot in this
group withM = 8 there will be four horizontal modules and four vertical sryglaced alternatively.

The robots in this group can adopt different forms in 3D whindans that their joints are not within
the same plane, as in the case of the pitch-pitch group. Taey the capability of moving on one
plane and therefore will be those that are used in the ch&gterthe study of 2D locomotion.

In this type of connection, two consecutive modules areedt@0 degrees one in relation to the other,
as can be seen in the central part of the figure 3.7. Modulelbwilised as reference, which will be
by definition of a vertical type.

Two types of notation will be used to refer to these modules.o®e hand, when it is not important
to differentiate between the vertical and horizontal meduthe same notation will be used as for the
pitch-pitch group, numbering the modules between 1 Mndising¢; for their bending angles. On
the other hand when it is necessary to distinguish betwetwih types of moduledj will be used
for the verticals andH; for the horizontals, takinge {1~ i %} The bending angles will bg,. and

¢, respectively.

3.3.4 Blocks
3.3.4.1 Concept

The idea of blocks allows generalising the equations thstrilee the robot’s shape (sections 3.6.3.2
and 3.6.4.5) and will be used in the chapters 4 and 5 to an&dgeenotion. Blocks are a group
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Parameters Union of two blocks
Module d
. q ® d-d d ® !
2 0 0 0
L d

Block d: Block length. Distance between two joints
+ I dp: Length of the left arm
d |

d

Figure 3.9: Parameters of the block

of connected modules. The construction of the robots isasethe repetition of these blocks.
The configurations that will be studied are formed by the s&ype of blocks (the robots being
homogeneous in their structure).

In the figure 3.8 an example of the use of blocks is shown. Gareright module robot it can
be considered as being made up of 8 blocks of one module. theless, if the even numbered
articulations are fixed in their rest position (with a benidangle¢; = 0) and only act on the odd
numbered ones, the movement can be studied as if it were @abtani robot composed of 4 equal
blocks. The equations will be the same.

3.3.4.2 Parameters

To generalise the equations, instead of employing the netslphrameters, those of the block are
used, shown in figure 3.9. They are:

 Length of the block (d). This equals the parameteof the module. Alsal coincides with the
distance between two articulations with the same orieorati

« Length of left arm (dp). The blocks created can be asymmetric, so that the left segin
different to the right one. The parametigrindicates the length of the left segment.

3.3.4.3 Type of blocks

The blocks employed in the study of the apodal robot’s loctimmoare four, shown in figure 3.10.
They are:

* Module block. Made up of only one module with pitch orientation. This ig tihain block
used in studying movement in a straight line.
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Pitch module

L/2

Yaw module

L/2

Module block

d

d=L
dg=L/2

—

do

Consist of one pitch-module

Pitch-yaw block

d

—

P d=2L
do=L2
do

Consist of two modules:
-Module 1: Pitch

-Module 2: Yaw
Pitch block Yaw block
d d
d=2L d=2L
dp=L/2 . dg=3L/2
do do

-Consist of two modules:
-Module 1: Pitch
-Module 2: Inactive (rest position)

Consist of two modules:
-Module 1: inactive (rest position)
-Module 2: Yaw

Figure 3.10: Parameters of the four types of blocks
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| Block type | do | d | do/d]
Module block L/2 L 1/2
Pitch-yaw block| L/2 | 2L | 1/4
Pitch block L/2 | 2L | 1/4
Yaw block 3L/2 | 2L | 3/4

Table 3.1: Block types and the values of their parameters

Pith-pitch group Pitch-yaw group

Figure 3.11: Dimensions of the pitch-pitch and pitch-yamgrs

* Pitch-yaw block. Formed by two modules, one pitch and one yaw. It is the bdeiktused
to study movement in two dimensions.

« Pitch block. It has two modules, the first one is pitch and the secondiirgict its rest position
(¢ =0). Itis used to study movementin a straight line of the pitelv robots.

* Yaw block. Composed of two modules, of which the first one is inactivéhanrest position,
and the second is of the yaw type. This block allows the pjtaw-robot’s dimensions to be
determined when they move in two dimensions and uses a plane. w

The parameters of each block are expressed in function ahtitkiles as the table 3.1 indicates.

3.3.5 Dimensions

The dimensions of an apodal robot with pitch-yaw connectimdefined as the height)( width
(Ix) and {y) of the minimum hexahedron that contains the robot. In ttse cd the pitch-pitch group,
the robot is contained in one plane, therefore the dimessioa defined as height)(andly of the
minimum rectangle that contains it. These ideas are showheifigure 3.11.
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Definitions Kinematic model
Apodal robot

Centre of mass
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Figure 3.12: Kinematic model of apodal robots

3.4 Kinematic model

The study of the kinematics of apodal robots of the pitcletpiand pitch-yaw groups is realised
representing the robot by means of a point with orientatiie. movement and variations in the
orientation are studied in the~plane.

3.4.1 Definitions

Given an apodal robot that rests on the plare0 and has any shape, it is defined:

* Position vectorr(_t)): Position of centre of mass. The equation 3.4 expressesthgon be-
tweenr(—tS and the position vectors of the joints and the extremities.

* Orientation (ﬁf: Vector that joins the left extremity (tail) with the righhéad). It allows the
robot’s orientation to be known instantly and with referetms an axis of reference.

In the figure 3.12 the vector?t)> andcTt)> are shown for a generic apodal robot, situated on the xy-
plane. On the right its kinematics model is represented:rat pothe positior’rm that points toward
the direction given by(t).

3.4.2 Restrictions

To make the study of apodal robot locomotion accessibledh@sfing restrictions are assumed.

1. Level surfaces without obstaclesThe locomotion of apodal robots is studied on level sudace
where there are no obstacles. The movement plane wilkbé.
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2. Movement in the steady state The study is limited to the stable condition, where the ager
speed of the robot remains constant and the gait is alwaysathe. The problems of transition
from one gait to another or changes in speed will not be adddes

3. Periodic movements It is assumed that the movements are recurring, with pdriolch each
cycle, the robot makes some basic, well co-ordinated mowéntieat allows it to travel. The lo-
comotion is obtained by repeating these elementary movesmeEherefore it is only necessary
to study the movementin one period. Modelling the moveméifit thiis limitation is in reality
very natural, and very common in robotics. If the movemehenimals on homogeneous and
uniform surfaces is observed, they are cyclical. Mark Yinthwhe robot Polybot[165] intro-
duced the idea of representing these basic movements using tables that specify in time
the position of each module. The movement is obtained rgnthiem cyclically. The robots
Scorpio[28] and Aramies[136] employ periodical movemehg are modulated by reflex ac-
tions.

3.4.3 Kinematic parameters
The kinematic parameters that are employed for the studgadal robots are:

» Step Af. Itis the distance covered by the robot during a cycle (e). 3At instantst and
t+ T the robot will have the same shape. The step indicates thendis covered and in which
direction.

A =r(t+T)—r(t) (3.6)

» Angular step: Ay. This is the rotating angle around thexis after a cycle. It is defined as the
angle between the robot’s orientatiortiandt + T (eq. 3.7)

—

Ay=o(t+T)o(t) (3.7)

In the figure 3.13 the geometric significance of the two patamgr) andAy are shown, when the
robot has moved through a peridd

The average lineal speed of an apodal robot is calculateddanmof the equation 3.8.

2l

V =— =Ar.f (3.8)

al

This speed is directly proportional to the product of steptaken and thérequency. Therefore the
speed will increase either because of greater steps or §ecéshorter cycles.
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Figure 3.13: Kinematics parameters of interest

Thefrequency depends on the speed at which the joints move. A robot carthakeame steps at a
low frequency, as if it is moving in slow motion, or at a highduency (the articulations move faster).
In both cases the ste!Yf can remain constant. The maximum frequency is limited bysfieed of the
motors. Therefore it is a technological parameter.

Neverthelessthe stepdepends exclusively on the co-ordination between theudations, with in-
dependence in relation to the speed at which they move. Kdhardination is inadequate, the step
will be very small, null or chaotic. On the other hand, in thelMzo-ordinated movements, this value
will be constant and not null. What is more, the step can vaoyn its maximum value (strides) to
the smallest values (shuffles). Owing to the fact that a stepparameter that does not depend on
technology, but on the co-ordination between articulajdtis chosen to study locomotion.

3.4.4 Specification of movements

To specify the movement of an apodal roltleé kinematic parametersstep and angular step as
defined in the earlier section are used. These will deteriminethe centre of mass moves. Never-
theless, it will also be necessary to estabfisstrictions on the robot’s dimensions For example,
so that the robot is capable of moving in the interior of a tudsewell as specifying its gait, it must
be ensured that its height will never exceed the tube’s diame

3.5 Control model

The model employed for locomotion of the apodal robots isibspired and is based on sinusoidal
generators that position the joints in an independent waye flacing of the generators imitate a
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Sinusoidal generators

OFT G ¢

Apodal robot

Figure 3.14: Bio-inspired control model based on sinudaj@serators that create oscillations on
every module.

spine formed by CPGs connected in series. The general sakesaen in the figure 3.14. Given an
apodal robot oM modules, there will b& generators, each one associated to a module.

3.5.1 Sinusoidal generators
3.5.1.1 Equations

The bending angle of each joint in function of time is givertly expression 3.9.

¢i(t)Aisin<2?nt+LlJi> +0O i€ {1l.M} (3.9)

Each generatdrhas the amplitudeX), phase i) and offset ;) parameters and all have the same
periodT. As was noted in the section 2.8.5, the oscillation frequeri¢che different CPGs that deal
with the movement of animals are very similar[59]. Therefan this model, it is assumed that they
oscillate with the same period

In the study of the co-ordination, the parameters for eacltedpat are of interest aly andAy. We
want to know how position and orientation of the robot vaiesach cycle. The frequency does not
affects the co-ordination, but the speed. Therefore the@lgd is used as variable instead of time
and the position of the joints are studied in function of ihefequation 3.9 is re-written as:

$i(9) = Asin(p+ W)+ 0 i € {1..M} (3.10)

For simulation and implementation of the movement it mustdien into account that the phase
varies linearly with the time, according to the expression:
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| Symbol | Description | Range |
oi Bending angle of module —90,90] Degrees
A Amplitude of generatoir 0,90 Degrees
Q Phase 0,360 or [—180,180 degrees
T Period T > 0 seconds
Wi Phase of generator —180,180 degrees
O Offset of generator —90,90] degrees
M Number of modules of the robatM > 2

Table 3.2: Parameters for the sinusoidal generators emgloy

3.5.1.2 Parameters

In the table 3.2 all the parameters, variables and constampdoyed are shown. The angle values are
expressed in degrees. For the phadke interval[0,360 or [—180,18(0 is used, as convenient.

The bending angle of each module is situated in the rgnge[O; — A, O; + Aj]. As the maximum
range of movement of the modules is mechanically limited30 degrees, which is the typical value
of the commercial servos, the following restriction musolbserved:

|0+ A <90 (3.11)

3.5.1.3 The geometric meaning of the parameters

When the model of the sinusoidal generators is applied tartbdule’s movement, these begin to
oscillate. The total range of turn is given by the amplitddéVhen the offset is 0, the oscillation is
symmetric in relation to the rest position and the bending@raries between the positioAsand
—A. When the offset is different to zero, the oscillation is sginmetric. The bending angle will be
at a lesser distance to one of the extremities than to the.dthéhis caseg will vary between the
positionsA+ O andO — A, as is graphically shown in the figure 3.15.

3.5.2 Model for the pitch-pitch group

The model of locomotion for the apodal, pitch-pitch robatéarmed byM sinusoidal generators of
amplitudeA and with a phase difference between two consecutive mo¢@iiesfixed (figure 3.16).
The equation that describes the oscillation of the modisle
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T, (=90 =0
(p M Minimum bending angle
Maximum bending angle Rest position

Symmetric oscillation ) Not symmetric oscillation ,,."‘"
0=0 0%0 N
*/
& &/

Figure 3.15: Geometric meaning of the parameger& andO

Figure 3.16: Control model for the pitch-pitch group
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di(@) = Asin(p+ (i —1)Ap+y¢n), i € {1..M} (3.12)

The expression has been obtained based on the generabepfdtie sinusoidal generator (eq.. 3.10)
applying the following limitations:

1. All the generators have null offset(O; = 0). Therefore the oscillations are symmetric with
respect to their rest positions.

2. All the generators have the same amplitudeA. The angular sweep that they realise is the
same for all the modules. This ensures that they all oseillathe same way.

3. Origin of phases in module 1 The phases of the rest of the modules are expressed indancti
of module 1, to which the valug) is assigned.y; established the phase in the begining.
This will be important if it is desired that the robot begits inovements in a particular way.
Nevertheless, the study has been restricted to the perrnaggme, therefore the value of this
initial phase is not important.

4. Fixed difference phase between consecutive generatoraking as reference the biologi-
cal models of the lamprey, where experiments have showrthibgihase differences between
consecutive CPGs remain fixed[154]. So, for the modules fotm M, the phase will be:
Ui = Y1+ AP. As the lag is the same for all, the previous equation can bgewras
gi = (i—1)Apwithi e {1..M}.

The limitation 4 guarantees the emergence of global wavegspidiss through the body of the robot
making it move. The restrictions 1 and 2 homogenise all theegsors, in such a way that no
privileged generators exist, rather that all are equal. €@@msequence of this is that the robots present
rotation symmetry. If they rotate 180 degrees in relatiothtgir body axis (they place themselves
face down) they will continue to move in the same way. The upel inferior parts behave in the
same way.

After applying all the limitationghis model needs only two parameterqdA,A®) to specify the
generators and therefore the co-ordination, independeénemumber of modules the robot has. For
this reasonthe solution to the problem of the co-ordination are points n a two dimensional
space This space is denominatétbmogeneous control spacand is indicated by;.

The table 3.3 summarises the parameters of control of thb-pitch group.

3.5.3 Model for the pitch-yaw group

To control the locomotion of the robots belonging to the Ipiy@aw group, theM generators are
divided into two independent groups, one which acts on thehphodules (verticals) and the other
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| Parameter | Description | Range |
A Amplitude of generators [0,90] degrees
A Phase difference between consecutive generatfrs180,180 degrees

Table 3.3: Control parameters for the pitch-pitch modubdots

Pitch-yaw connection modular robot

Figure 3.17: Control model for the pitch-yaw modular robaiup

on the yaw modules (horizontals) (Figure 3.17). The osmifeequations for both groups, verticals
(¢v) and horizontalsd, ) are:

v () = Assin(®@+ (i —1)Aq,), i € {1%}

Or, (P) = Apsin(® + (i — 1)Agh+A@), | € {1%}

Both expressions have been obtained starting from the geeguation of the sinusoidal generator
(3.10) applying the following limitations:

1. Division of the generators into two groups: horizontal and \ertical. They are independent
groups, but within each one of them all the oscillators atgéqvith the same parameters.

2. Vertical homogeneous modulesThe same limitations as for the pitch-pitch group:

(a) The offsetis void@y. = 0) (symmetric oscillation)

(b) The amplitude is the same for afl,

(c) The phase difference between two consecutive verticaluies is the same\,), there-
fore g, = (i— D)Ag,

3. Horizontal modules
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| Notation | Description | Range (degrees)
Ay Amplitude of the vertical generators 0,90
An Amplitude of the horizontal generators 0,90
Ag, Phase difference between consecutive vertical generators —180180
Ag, Phase difference between consecutive horizontal gemsrato —180,180
JAYO Phase difference between the vertical and horizontal géorsr|  [—180,180

Table 3.4: Control parameters of the pitch-yaw modular tebo

(&) The offset is the same for all of then®y). Values different to zero are necessary to carry
out the circular turns. The rest of the movements is made syithmetric oscillation.

(b) The amplitude is the same for all of thehy,

(c) The phase difference between two consecutive horizombaules is the sameA@,),
thereforeyn, = (i — 1)Agh+ Yn,, Whereyn, is the phase of the horizontal module 1.

4. Origin of phases in vertical module 1 This will be the module taken as reference with a
phaseyy, .

5. Fixed phase difference between vertical and horizontal mades (A@,,). The co-ordination
between verticals and horizontals is established by mebadixed phase difference. As the
vertical module 1 has been taken as reference, the value ghiise for the horizontal module

1 will be: g, = A@n+ Yn,.

The limitations are similar to those for the pitch-pitch gpobut applied to both the vertical and
horizontal modules, each one with its own parameters. Oiffereince is that the horizontal group
does have a parame®y. Values of offset different to zero for the horizontal moskivill allow the
robot to move in circular paths. Nevertheless, if it disganwith this movement, it can be assumed
thatOp, = 0 and eliminate this parameter from the control space.

The locomotion of the pitch-yaw group of robots in a planebsained by means of overlapping of
the oscillations of the groups of horizontal and verticadules. Both oscillations are linked by the
parameteA@.

The vertical group is characterised by the parameigi@ndAq,, and the horizontal one b, Oy,
Ad, andA@,,. Six parameters in total. Therefortae solution to the problem of co-ordination
for the pitch-yaw configurations are points in a six dimensim space This space is known as
Homogeneous Control Space and is denoted ad,.

The table 3.4 summarises the control parameters of the-péahgroup.
3.5.4 Control spaces

Using the sinusoidal generators, the problem of co-oriinaif the pitch-pitch and pitch-yaw groups
of robots is reduced to the search for solutions in the spligeandH, respectively.H; has two
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dimensions andH, six. The kinematic and stability properties of the differemvements can be
studied by means of the relationships between the pointsesktspaces.

The control space of the sinusoidal generators, when lifita are not applied, is greater. According
to what is expressed in the equation 3.9, for a robdflohodules, with Independence in its connec-
tivity, M sinusoidal generators are used, each one of which has 3dndept parameters;, O;, Y,
which gives a total of Bl parameters. Therefore the general control sp@ckas a dimension ofl\3.

All the solutions are found in this space. Greater the nunobenodulesM, the greater will be the
dimensions ofG. This agrees with the intuitive idea that the more modulesetare, the greater
number of configurations of robots could be constructed aedtgr the variety of gaits that will
appear.

Nevertheless, this thesis concentrates on the study girtheiple of locomotion that is common
to all the one dimension topologiesvith pitch-pitch and pitch-yaw connectivity, independehthe
number of modules. That is to sdlge aim is to find the smallest sized sub-spaces Gfthat permit
the locomotion of these robots in one or two dimensionsThey are the spacé$; andH, and their
elements will be calletvorking points.

3.5.5 Discussion about sinusoidal generators

The sinusoidal generator’s model is bio-inspired and isioled by approximation of the CPGs, when
they reach the permanent regime.

Nevertheless, it is interesting to see the relation thadlgenerators have with the problem of co-
ordination, in which the generic functiogg(t) to achieve robot movement using different gaits, want
to be found.

If we start with the supposition that the functiofigt) are periodic (and as it is noted in the section
2.8.5 this fits in with the observations and experimentseaiwut by biologists), the breakdown will
be in the Fourier series:

ao hd 2m
5+ Z ancos(—t + bpsin(— = t))

Approximating them by the first harmonic (n=1):

Pi(t) ~ % + alcos(—t) + bbsm(z?t)

and carrying out the change of the variable= Ajsinyi, by = Aicogl; andQ; = %, we arrive at:



74 CHAPTER 3. MODELS

21
—t

9i(t) =0 +AiSinl,UiCOS(2?nt) + Aicogyisin( T )

and applying the definition of sine of the sum of two angles:
. 2T
oi(t) = A@SIH(?'[ + )+ G

which is the general expression of the sinusoidal oscittafeq. 3.9).

Therefore, whetthe sinusoidal generators for fixed frequency are appliedin reality what is being
done isto restrict the problem of co-ordination to those functionsthat have just one harmonic

3.5.6 Direct and inverse kinematics

The enunciation of the direct and inverse kinematics foegt@dal robots belonging to the pitch-pitch
and pitch-yaw groups are stated from the spateandH in the following way:

Direct kinematics Given a pointp belonging toH; (i € {1,2}), determine if locomotion exists, the
type of movement, the value of its kinematic parame(e&hs Ay) and the size of the robot.

Inverse kinematics Starting from the kinematic parameteT\sandAy, the gait required and option-
ally restrictions of the dimensions, find the group of wotkjmints{ p; € H;} that makes the
robot move in this way (and with these dimensions).

To resolve these problems the relationship between thergimmgparameters and the kinematic pa-
rameters must be established. Firstly the mathematicabhiodieveloped to establish the relation-
ship between the working points and the shape of the roboth#épters 4 and 5 the relationship
between these forms and locomotion are established.

3.6 Mathematical model

The mathematical model allows us to create parametersdaothot shape. As they are robots with
a one dimension topology we can approximate them by curvke.ciirves used for the modelling

of the pitch-pitch and pitch-yaw groups will be presentegipsnoid and 3D serpenoid curves. For
each one of them we will study the continuous model first, sspyy that the bending angle varies
continuously for the length of the curve. Then they will benpded to obtain the discrete model.

The equations obtained allow us to know the dimensions ofdhet and what is the relationship to
the control parameters of the sinusoidal generators.
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| | Pitch-pitch group | Pitch-yaw group |

Type of curve/wave Serpenoid 3D Serpenoid
Continuous bending angle 6(s)/0 (s, @) g"hg?g"hg %
Discrete bending angle oi/¢i (@) Z::?g;' ((:I;))
Parameters a .k ay, ahl, kv, i(h, JAY( P

Table 3.5: Summary of the curves/waves and their paramesed for the mathematical modelling
of the pitch-pitch and pitch-yaw modular robots

3.6.1 Introduction: Curves and waves

Apodal robots have a 1D topology, therefore their shapenati@zoment, takes the form of a contin-
uous curve. The robot’s locomotion is produced by means df/boovement. A corporal wave is
defined as a continuous curve that varies its shape with theggh So when we talk of a curve we
refer to the shape for a fixed phase, while by wave we inditateariation withg.

To define the curves we will use the continuous variablehich represents the distance along the
body’s axis. A value o= 0 is the point situated on the extreme left and | is the extreme right,
where | is the total robot length. Besidgghe waves will depend og.

We will define the curves by means of the bending angle. Fagrtbigp of robots with pitch-pitch type
of connection, the curve is contained on a plane and we vgheagent the bending angle (continuous)
as a function o6. We will use the notatioi (s) to indicate that it is a bending angle of a continuous
curve, facingg; when it is discrete. In the pitch-yaw group, the curve is ihr@é dimensional space
and we will use two bending angles to describe it, indicate@is) for the pitch andb, (s) for the
yaw.

The wired model of the robot will be obtained sampling theveiat the points in which the joints are
situated. To obtain equations that are more generic, tteeafiblock presented in the section 3.3.4
will be used, and the equations will be obtained in functibthe parameterd anddy. The bending
angle of the articulationwill be denoted by, that will be situated in the positios= do+ (i — 1)d.

For the pitch-yaw group of robois, and ¢y, will be used. We will realise the sampling process as
indicated in the expression 3.13.

¢i = 0(9)|s—gp+(-1)d (3.13)

The curves/waves employed for the pitch-pitch group arsénpenoids, and for the pitch-yaw group
the 3D serpenoids. The information is summarised in thestd8f8. In the following sections these
curves and their parameters will be studied.
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a) Bending angle b) Generic point s

s=0p \/ /\ 5=

Undulation 1 Undulation 2

k=2

Figure 3.18: a) Bending angle of a continuous curve b) A Sesjgecurve

3.6.2 Serpenoid curve/wave
3.6.2.1 definitions

The serpenoid curvewas discovered by Hirose[150] when he was studying the srakas (yaw-
yaw group). By definition it is a curve in which the bending Engaries sinusoidally for the length
of the body axis (eq. 3.14)

6(s) = Asin (Zl_nk ) (3.14)

Thebending angle8(s) is defined as that which forms the tangents to the curve trest fheough
two points separated by a distard(Figure 3.18a). The form of the serpenoid curve is shownén th
figure 3.18b. It is a periodic curve formed kyndulations. The spatial periodligk, wherel is the
total length. The section of the curve betwesen 0 ands = | /k is denominatedindulation.

The serpenoid waveis defined as the serpenoid curve in which the bending anglerdks also on
the phasep (eq. 3.15)

6 (s, @) =Asin ((p+ Zl—nks> (3.15)

3.6.2.2 Formulation in Cartesian co-ordinates

The angle that the tangent to the curve for the psimakes with thex axis is denoted bys.
Hirose[51] showed that the expressionagfis given by the equation 3.16

s = acos(zl—nks) (3.16)
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a) Winding angle b) Dimensions of the curve
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Figure 3.19: Continuous serpenoid curve: a)Definition efiinding anglex b)Dimensions.

where the parameter is denominated the winding angle and is defined as the anglédims the
tangent that passes through the point of the cared. In the figure 3.19a) the definitions afand
as are shown.

The Cartesian co-ordinatesy of the points of the curve are calculated by means of the iatig
of the cosines and sines respectivelygieq. 3.17 and 3.18).

X(s) = O/Scos(as)ds: jcos(acos(zl—nks)) ds (3.17)
y(s) = O/Ssin(org,)ds jsin <a cos(zl—nks)) ds (3.18)

And for the serpenoid wave the co-ordinates are given bydoat®ons 3.19 and 3.20.

X(s, ) = icos(a cos(qo+ 2|_nks)) ds (3.19)
0

y(s, @) = /ssin<a cos<(p+ 2|_nks>> ds (3.20)
0

These integrals have no analytical solution. They are vesatumerically.

3.6.2.3 Dimensions

The dimensions of the serpenoid curve are defined as heiylan@ width () of the minimum
rectangle that contains the curve. They are shown graphioghe figure 3.19b.
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Given that the serpenoid curve is composeH ofidulations, the dimensions are calculated consider-
ing only the first undulation. The width of an undulation s\tave lengthi, and the total width is
expressed as:

w = kA (3.21)

The highest point of the first undulation of the serpenoidh# tn which the tangent is parallel to the
x axis and its ordinate is positive. It will be the posjtthat fulfils this condition:

as(sh) =0AY(sh) >0

is that which is found irs, = %1'—k The height is calculated as the double of its ordinate, agitst
undulation is an odd function in relation to its middle pointsuch a way that the height of the crest
is equal in absolute value to the trough (eq. 3.22)

11
1k

h=2y(s,) = /sin (acos(zl—nk )) ds (3.22)
0

The wavelengtiA is the abscissa of the poig} situated at a distance equal to the spatial period, that
is to saysy = {—< Therefore, having in mind the equations 3.21 and 3.17 ttawadth is calculated:

w=kx(sy) = k/:: cos(a cos(zl—nks)) ds (3.23)

The dimensions of the serpenoid wave are the same as thdse afrve, because varying the phase
@ what is obtained is a curve displaced to the right or the {@ft.being displaced neither the height
or the width vary.

Restrictions for the calculation of dimensions The equations 3.22 and 3.23 for the calculation of
the height and width are always valid whke> 1 anda < 90.

The restrictiork > 1 implies that the serpenoid has at least one complete uimuland therefore at
least a crest and a trough exist.

To simplify, for values ofar greater than 90 degrees the width is calculated using thatiequ3.23,
though in reality it is an approximation. In these casesttiteal and final extremes are not those that
have the maximum and minimum values of abscissa.
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3.6.2.4 Normalised dimensions

Thenormalised serpenoid curveis defined as that which has unit length=1) and only one undu-
lation (k= 1). Because of this, the curve is only characterised by thenpatera. Thenormalised
dimensionsof this curve are defined as height and width. Beginning viithdquations 3.22 and 3.23
the following is obtained:

hn(a) = /sin(a cos(2rs))ds (3.24)
0

[any

W (a) = ‘cos(a cos(2rs)) ds (3.25)

O'\

The dimensions of the general serpenoid curve in functidhefparametera andk are calculated
from the normalised dimensions:

|
hn(ar) (3.26)

w(k, o) =l.wy(a) (3.27)

These expressions are deduced from 3.22 and 3.23 makinbahge of variablel = ﬁ—‘s

In this way only the normalised dimensions are studied icfion of o and from them the dimensions
of any curve with length and withk undulations can be obtained.

3.6.2.5 Parameters and thér; shape space

The serpenoid curve is characterised by the parameateisandl. The apodal robots that are being
analysed do not vary their length during movement, theeefavill be constant. The shape of the
curve is characterised loy andk. The winding anglex determines the shape of each undulation and
k the number of undulations.

The shape of a serpenoid curve, whtk- 1, for different values ofr are shown in the figure 3.20a).
Fora =0, the curve is converted into a segment of lerigth the axisx. Whena = 90 the curve is
tangent to the axis at the origin. The value af can continue increasing up to its maximum value
of 120 degrees (figure 3.20b) in which two consecutive urithria are tangents at one point. Values
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a) Shape in function of o b) Maximum value of o

Figure 3.20: Serpenoid curve and winding angtea) Variation of the shape withr b) Maximum
value of the winding angle

a) Shape and the k parameter b) Shape and the | parameter

£ 0=70

k=1

=1

Figure 3.21: Serpenoid curve and the | parameters. a) Variation of the shape with &whenl is
constant. b) Variation of the shape withwhenk = 1
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Relation between the height and width of a normalised serpenoid curve
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Figure 3.22: Relation between height and width of the sesjabeurve in function otr

greater than 120 degrees are not possible, as the robatiglatibns would crash into each other. The
range of values of is, therefore[0,120 degrees.

The parametek determines the number of undulations (repetitions) thexethre in a serpenoid curve
3.21a). The height of the curve is inversely proportiondt {eq. 3.26) which means that when the
undulations increase it diminishes. In the continuous rh&ds not bound. Ifk — oo, the height
will approach 0 and in the limit will be equal to a segmentaiéd on thex axis. The width of the
serpenoid, in the continuous model, does not vary Witlq. 3.27).

The parametdronly influences in the scaling of the curve, but not in its shas is seen in the figure
3.21b). Ifa andk remain constant the curve will maintain the same propaostion

The shape of the serpenoid curve, therefore, is still charged by the parametefs, k). The space
h; is defined as that which has as elements the gairk). This space will be used to define the
robot’s shape and we will call it thehape space

3.6.2.6 The relation between height and width

The proportions of the serpenoid curve depend on the wiratigdea . In the figure 3.22 the relation
between height and width in function af can be observed for a normalised serpenoid curve. When
a = 0, the curve is a straight line of unit length on thaxis. Its dimensions will b = 0 andw = 1.
When the winding angle is increased the width decrease&wiel height increases.

3.6.2.7 Serpenoid and sine curves

The lesser the winding angle value the greater is the siityilaf a serpenoid curve to a sine curve.
To compare them thequivalent sine curveis defined as being that which has the same dimensions
h andw as a serpenoid curve. The formula s as follows:
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Figure 3.23: Comparison between the serpenoid and sinesuBoth with the same dimensions

| Parameter | Description | Range |
k Parameter. Number of undulations k>1
a Parameter. Winding angle a €10,120 (degrees)
Q Variable. Phase @ € (—180,180 (degrees)
I Constant. Length >0

Table 3.6: Parameters, variables and constants for thersgigpwave

h . /2nk
yzésm<w ),xe[o,w]

Differentiating with respect ta and specifying fox = 0, the expression of the tangent at the origin
are obtained, with which the gradient of the origin is cadted!:

h
B= arctan(v—v n)

B is the equivalent to parameter, but for sine curves. The comparison betweeand is shown
in the figure 3.23. For the values afless than 46 degrees, the relative error is less than 10%.

3.6.2.8 Serpenoid wave

The serpenoid wave is characterised by the same parantetensl k of the serpenoid curve, but
besides this the bending angles depend on the ppa3éderefore, fixinga andk, the form of the
wave changes witlp. In the figure 3.24 the shape in four different phases, is show

To sum up, in the table 3.6 the parameters, variables andaria®f the serpenoid wave are listed.
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D=0 $=-90

y d=180 y d=90

Figure 3.24: The shape of the serpenoid wave for four valtideeqphaseap

3.6.3 Discrete serpenoid curve/wave

3.6.3.1 Definitions

The definition of a discrete serpenoid curve is the same ahéocontinuous case, but considering
that the bending angle varies in discrete form with the \deid instead of in the continuous way
with s. The bending angle is expressed as the equation 3.28 iadicat

@i = Asin(Bi) (3.28)

The discrete variableindicates the joint number and varies between 1 BhdV being the total
number of modules. The winding angleis defined as that which the left segment of the module 1
forms with thex axis. The total lengthis calculated as= ML, wherelL is the length of each module.

Given a continuous serpenoid curve with the parameteksand lengtH, its discrete serpenoid curve
is defined as equivalent td modules in the same way as that which has the same pararoeters
and the same length

The parametedq; is defined as the angle that forms the left segment of theugationi with the x
axis. The winding angle is, by definition, equal ter;.

In the figure 3.25a) is seen a discrete serpenoid curveonit60, k = 1 and 8 modules. In the figure
3.25b) the continuous serpenoidmf= 60 andk = 1 is compared with two discrete serpenoid curves
of 4 and 8 modules.
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a) Discrete serpenoid curve with M=8 b) Comparison between discrete and continuous curves

Continuous serpenoid
e———e Discrete serpenoid

Figure 3.25: a) Discrete serpenoid curve with 8 modulés<8) b) Comparison between a continu-
ous serpenoid curve witth = 60 andk = 1, and two discrete serpenoid curves with 4 and 8 modules
respectively.

d
P 0 =14
d
—~ay
d
———— O=1p
_‘_ d

Figure 3.26: Two discrete serpenoid curves of 8 blocks, fiter@nt parameter values thanddg

In the discrete serpenoid wave the bending angle also dememithe phase:

¢i (@) = Asin(@+ Bi)

3.6.3.2 blocks

The discrete serpenoid curve is formedvbfequal modules. Nevertheless so that the equations be
more generic and could be applied in more cases the concéynak, defined in the section 3.3.4

is used. The parameters of the blocks dranddy. In the figure 3.26 two serpenoid curves of 8
blocks for different parameter valuesdanddy are shown. The upper curve is employed to model
movement in a straight line of the apodal robots of the pitatl+group. The lower curve describes
the movement of the pitch-pitch group.
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Block <

Figure 3.27: Notation employed for the discrete serpenoidez Example for M=7
3.6.3.3 Formulation
Beginning with a continuous serpenoid curve, the equafionthe discrete curve are obtained spec-
ifying the variables in the points of interest. Supposing that the block modelsiedy the joints

are found at the points=dy+ (i — 1)d and the middle points of union between the blocks are in
s=(i—1)d, with i between 1 ani (figure 3.27).

The angle that the segments of the curve form withxlais (o), are obtained from the equation
3.16 making the change= (i — 1)d and having in mind thdt= Md:

27K . .
i = Osls_(i_1)g = acos(v (i— 1)) e {1,M}

For the discrete serpenoid wave, the angle with the x axisddpends on the phase:
27K . :
ai () = acos(qo+ ™M (i— 1)) ,ie{1,M}

The Cartesian co-ordinatés,y) of each articulation referred to the left extremity is defimecur-
sively:

i) — docosa i=1
(i) = x(i—1)+dcoso i€ [2,M]

(i) = dosina i=1
= y(i—1)+dsino; i€ [2,M]
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Expanding the final expression is arrived at:

X(i) = dpcosa +d z cosd;| (3.29)
ji=2
j<i
i
y(i) = dpsina +d z sinaj (3.30)
ji=2
j<i

The bending angle is obtained from the expression 3.14 faegafs = dy+ (i — 1) d:

¢i = 0(9)ls—(i-1)d+d, = ASIN (ZVnk {(i —L+ %} )

And using the relation found by Ma[87] (eq. 3.39) betweenahmplitudeA and the bending angle,
the final expression af; in function of the parameters, k, d, dp andM is:

oi zzasin(nﬁk) sin(zvnk {(i—l)—k%]) (3.31)

For the discrete serpenoid wave, the bending angle is:

¢i (@) = 2asin (%) sin (qo+%k {(il)Jr%D (3.32)

The Cartesian co-ordinates are:

X(i, @) = dpcosa +d Iz cos(a cos(qo+%k(i —1))) (3.33)
j=2
j<i

y(i, ) = dgsina +d Iz sin (acos(qo+%k(i —1))) (3.34)
j=2

j<i
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3.6.3.4 Dimensions

In contrast to the continuous case, the dimensions of tlealesserpenoid wave depend on the phase
@. The height and width for a given phase is denoted respécted (@) andw (). The dimensions
(h,w) in a cycle are defined as the maximum valué ) andw(@):

h=max{h(p)} (3.35)

w=max{w (@)} (3.36)

Height For a given phase, the height is calculated with the exprassi

h(®) = Ymax(i, @) — Ymin (i, @) = Y(imax @) — Y(imin, @)

whereymax(i, @) andymin (i, @) are the maximum and minimum values of the ordinate of theecurv
These values are reach for the joiigxandimin. In @ continuous serpenoid wave, the postg«and
Smin Where the maximum and minimums are reached equadli® zero. Resolving the following
expressions are obtained:

Changing the variable= (i — 1)d and retaining the integer partax andimin are obtained:
. M /T . M /3m
imax=E |:Ek (E_qo)‘f'l] , Imn=E |:Ek (7_(0) +1]

With this, the expression to calculate the height of a sesjgmave is:

h = max{y(imax ®) — Y(imin, ®) } (3.37)

wherey(i, @) is obtained with the equation3.34.
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Width  The width will be equal to the abscissa of the extreme rightth& same time this is the
abscissa of the articulatidvi plus the projection of the right segment of the last modulis.dbtained
with the expression:

W(®) = X(M, @) + (d — do) cos(am-1 (¢))

The total width will be the maximum value during the cycle:

w = max{x(M, @) + (d —dg) cos(am+1 (¢))} (3.38)

3.6.3.5 Theh; and H; spaces

The form of a serpenoid curve, be it continuous or discrethisacterised by the parametéssk).
Besides there are the constakf{tength) andvi(number of modules). Thie; shape spacés defined
as that which has as elements the péirsk). This space is employed to define the robot’s shape.

As is shown in the section 3.5.4, the parameters of the citent@\, Ap) belong to the homogeneous
control spacéH; and defines how each module moves and how it moves in relatitretprevious
one.

The relationship between both spaces is deduced from thpaason between the equations 3.12.
They are presented in the equations 3.39 and 3.32:

. (K
A=2asin (V) (3.39)
27k
|Ag| = o (3.40)

In the control model, the phase differente can take various positive and negative values while in
the mathematical model of the serpenoid curve only posithhees have been used, for this reason in
the equation 3.40 the absolute value of the phase diffelisnetated tdk andM.

The equations 3.40 and 3.39 allows the form of the robot to omvk beginning with the local
parameters of the controller, and vice-verse, startinghftbe shape discover what parameters of
controller are to be established.
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| Parameter | Description | Range |
k Parameter. Number of undulations | k> 1
a Parameter. Winding angle a €[0,120
M Constant. Number of articulations | M > 2
d Constant. Distance between joints | d >0
do Constant. Left segment of the moduledy > 0
[0) Variable. Phase @€ (—180,180
[ Variable. Joint number ie{1,M}

Table 3.7: Parameters, variables and constants for theetésgerpenoid curve/wave
3.6.3.6 Summary of parameters

The summary of all the parameters, constants and variaiméisd discrete serpenoid curve/wave are
shown in the table 3.7.

3.6.4 3D serpenoid curve/wave
3.6.4.1 Definitions

Given a continuous curve within a three dimensional spdeeparameter8, (s) and 6, (s) are de-
fined, respectively, as the vertical and horizontal bendimgles from a point situatedsmith respect

to that which is ins+ ds The3D serpenoid curveis defined as that which the bending angles vary
sinusoidally withs, according to the expressions:

6 (s) = Aysin (Zl—nk"s+ tpv)

6 (s) = Aysin (@sﬁ l,Uh>

Itis a curve that is formed by the superposition of two seqgiourves, one in the plane of pitch and
the other in that of yaw. This means that each of these curilebave its own winding angle and
number of undulations. The subscripis used for the vertical articulations ahdor the horizontal
ones. Taking the poirg= 0 as the origin of the phases, denoted/wy, the phase difference be-
tween the verticals and horizontalg(— (), and using the equation 3.39, the expression of3tbe
serpenoid wavecan be expressed as:

& (s, @) = 2aysin (Zﬁv) sin (<p+ ZTsz) (3.41)
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AD,;, =90

Figure 3.28: Different shapes of 3D serpenoid curve With- k, = 1. a) WhenAd,, = 0. b) For
Ad,, =90

6 (s, @) = 2apsin <Zakh) ((p+ 27|Tkhs+ A(pvh> (3.42)

3.6.4.2 Parameters and thé, shape space

The parameters to describe the 3D serpenoid am,5ky, an, kn andAd,,. The pairs(ay, ky) and
(an,kn) characterise respectively each one of the two vertical amzdntal serpenoidsAd,;, is a
new parameter that establishes the phase difference betivesgertical and horizontal articulations.

This new parameter influences how the superposition of tbenaves is effected. In the figure 3.28
an example of its effect is shown whiep= ki, = 1. In the left hand figure (a), the 3D serpenoid curve
is situated on the same plane, inclined at an angle in rel&tidhe horizontal. Its projection on the
planezyis a straight line. To the right this projection is an ellipse

We define the spad® as that which has as elements the tugkesky, an, kn, A®y). The points of
this space determine the shape of the curve and how the wpvegiagated.

3.6.4.3 Family of 3D serpenoid curves/waves

The form of the 3D serpenoid wave determines the dimensibtiseorobot and the movements it
carries out. A classification of the curves in function ofitiparameters will be established. They are
summed up in the figure 3.29.

The waves will be divided intsomorphousandnon-isomorphous In the first the parameteks and
k, are equal which means that the variation of the vertical awdzbntal bending angles is constant
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3D serpenoid waves

l

Isomorphous non-lsomorphous
ky=kn ky#kp
Straight Elliptical Circular Plane
— = <<
Ao, =0 0<A®, <90 Ao, =90 a, <<a,
Plane Inclined Plane Plane
av<<ah (1V<<(1h av<<(1h

Figure 3.29: Classification of the 3D serpenoid curves

a)  ky=l k=l A®=0 b)  ky=1 k=1 A®=90 o ky=2 ky=1 A®=0

Horizontal
A y projection

Section

Vertical x P
projection ;

Vertical

/projection

Vertical

/ projection

Horizontal
projection

Horizontal
projection

Section

3D curve

Figure 3.30: Examples of 3D serpenoid waves a) straighiniedlisomorphous. b) Elliptical isomor-
phous c) Non-isomorphous willy = 2k,

for all the points of the curve and a global wave appears thaels through the robot’s body. In the
non-isomorphous waves the shape of the wave is not constditegpends on the phase.

We call plane wavesthose in which the winding angle of the verticals is much ks that of the
horizontals &, << ap), so that in reality it can approximate to that of a 2D serpeémave on the
planez= 0.

The isomorphous waves are classified paying attention tehlthpe of their section, that is given by
the parametefA@,,. By this means we will obtain thstraight, the elliptical andcircular waves.
WhenAg,, = 0 the wave is propagated on a plane and its section thersfargtiaight line that forms
an angle with theg axis. The slant of the angle depends on the relation betagand ay,. For the
plane waves the angle will be 0. Therefore the straight isphous waves will be divided into plane
and inclined. Whe\@,, = 90 the section is circular and for9Aq,, < 90 elliptical.

In the figure 3.30 three examples of 3D curves are shown. Theborthe left is a straight inclined
isomorphous curve. The middle one is an elliptical isomorshcurve and the one on the right a
non-isomorphous curve, wity = 2k;.
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Vertical joints
d

v v v

— - , , -----

dg dr2

Horizontal joints

Figure 3.31: Model for the discrete 3D serpenoids

3.6.4.4 Dimensions

Of all the types of 3D serpenoid waves, those that will be dsetbcomotion on a surface will be
the plane waves. In them the 3D serpenoid approximates tgparsaid with the parameters, and
kn and its dimensionk andly can be calculated applying the equations 3.38 and 3.37 éaiitrete
model and 3.25 and 3.24 for the continuous.

The height is approximated by the equations 3.37(discyeBe24(continuous) using the parameters
ay andk,.

3.6.4.5 Discrete model

To model the discrete 3D serpenoid curve/wave blocks of itice{yaw type, made up of two joints,
will be used (figure 3.31). In this model the vertical jointe glaced on the points of the curve:
s= (i—1)d+dp and the horizontal ones os= (i—1)d+dp + %, wherei is the joint number,
contained between 1 ad/2.

The bending anglegy, (@) and ¢y, (@) are obtained specifying the equations 3.41 and 3.42 in the
pointss where the vertical and horizontal articulations are, retpely:

<i1+%)> (3.43)

.21k . 471k,
B (9) = B0(P)s- s, = 20wsin 25 ) sin (g4 T

. (2 . 4 . d 1
én (@) = 9h((p)|k(i71)d+do+% = Zahsm<vnkh> sin <q0+ Tnkh (I - 1+EO + §> +Aqq,h)

(3.44)

3.6.4.6 Relation between thél, and hy spaces

The parameters of thd, space are expressed from thosépby means of the following equations:
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| Notation | Description | Range |
ky Parameter. Number of undulations in vertical joint#, ky > 1
K Parameter. Number of undulation in horizontal jointk, > 1
oy Parameter. Winding angle for vertical joints ay € (0,120
an Parameter. Winding angle for horizontal joints an € 10,120
M Constant. Number of joints M>2
d Constant. Distance between joints d>0
do Constant. Left segment of the block do>0
[0) Variable. Phase @€ (—180,180
[ Variable. Number of joints ie{1,M/2}
Table 3.8: Parameters, variables and constants of theetis@b serpenoid curve/wave
r |
radius 4
5 e
Centre
Figure 3.32: Parameters and dimensions of the circularecurv
.27k A7tk
A\,:Za\,smv", Ag, = MV (3.45)
.2 4
An= Zahsmvnkh, Agy = T"k“ (3.46)

3.6.4.7 Summary of parameters

All the constant and variable parameters of the discrete &Pesoid curve/wave are given in the

table 3.8.

3.6.5 Circular curve/wave

3.6.5.1 Continuous model

Definitions We define aircular curve as one in which the bending andlés) is constant for the
length of the curve. Therefore the curve will have the shape crcular arc (Figure 3.32). The
parameter is defined as the angle of this arc.
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d=0 =45 O=90 . d=135

> O=180 —_— d=225 —_— d=270 —_— O=315

Figure 3.33: Example of a circular wave with= 180. Eight circular curves are shown for different
values of the phasg (and assuming an initial phage equal to 0)

We define a circular wave as one in whighvaries with the phase in a sinusoidal way, according
to the expression:

a (@) = asin(e+ @)

Wherea is now the maximum angle of the arc a@glthe initial phase. As the length of the curve is
[, the radiug is expressed as:

180
= —

- (3.47)

whereq is expressed in degrees.

Parameters The curve is characterised by the parametehat has a value between 0 and 360
degrees. In the wave the angle of the araigp) that varies with the phase. In the figure 3.33 the
variation of the shape of a circular wave is shown with= 180 andg = 0. Initially the curve is

a straight resting on theaxis. When the phase is varied it adopts the shape of a diratdawith
anglea (@). The angle increases until it reaches it maximairfor ¢ = 90. It then diminishes until

it returns to being a straigh{p(= 180) and the operation is repeated but bending toward the ogposit
side. For a phase @ = 220 the curvature is maximum.

Dimensions The dimensions of a circular curve dgeandly, as is shown in the figure 3.32. They
depend on the parametgrand the length of the curve. They are calculated by the equations:

o~ 2an(3)
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M=5
0lL=360
=30 A=T2

} AT\ A
L < J
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Figure 3.34: Example of two discrete circular curves
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(<)

>Q =
%
j=)

)

Relation with the serpenoid curve The circular curve is obtained from a serpenoid curve/wave
when the winding angle is 0 and an offset different to zero is applied. What is olgdiis a circular
curve, that does not vary with. It will be used in chapter 5 to describe the robot turnings.

The circular wave is obtained from a serpenoid wave in whiet0. Taking into account the equation
3.40,k = 0 implies that the phase different between two consecutive articulations is 0, which
means that all of them are in phase and their bending andie isame. This angle varies wighand
makes the wave change shape (as, for example, in the figilge 3.3

3.6.5.2 Discrete model

The discrete circular curve is characterised becaudé jtints have the same bending anélethat
is equal toa /M:

b =A= (3.48)

2l

and the discrete circular wave:

#(9) = Asin(9+ @) = 1 sin(9+ @)

The maximum value foA is 90 degrees, because of mechanical limitations in thedmgphtation of
the joints which means that it has to fulfil the following mistion:
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Figure 3.35: Relation between the different models
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In the figure 3.34 two discrete circular curves are shown difierent parameter values.

3.7 Conclusions

In this chapter the models have been presented that will ipdogred for the study of the locomotion
of apodal robots of theitch-pitch and pitch-yaw groups. With the first group one dimensional
movement will be analysed and with the second bi-dimensimozement. All the robots are mod-
elled as a series @qual blocksunited between themselves. Each block formed by one or etpral
modules with pitch or yaw type connections. For the mathematicatdption thewired model is
used, for the simulation theexahedral modeland for the experimentsraal model.

To make the study of locomotion accessible it is assumedthieatobots will be moving on a level
surface without obstacles and be fixed to a permanent redtrizesupposed that the robot’'s move-
ment is periodic with the cycle lastinD. Therefore, the movement from one place to another is due
to the periodic repetition of some basic movements. Thelpmlthat has to be resolved is how to
co-ordinate all the joints to generate these elementaryemewts in each cycle.

In this thesis this problem is approached from three diffeemvironments: kinematics, control and
shape of robot (figure 3.35) and we will resolve it estabfighjuantitative and quality relationships
between them, that are verified by means of experimentsidrchiapter we propose the models and
present the equations that relate the parameters of cootitod shape of the robot.
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The kinematic model is characterised by th&tep (KF) andangular step (Ay) parameters, that in-
dicates the movement and rotation of the centre of mass abtiw for each cycle. Also, the robot
has certain dimensions that imposes some restrictionk ésjdor example, movementinside a tube,
where the height of the robot must be limited).

The control model proposed is bio-inspired and consists of sinusoidal geoexahat cause each
and every one of the joints to oscillate independently. Tbetrol spacesare defined asl; and
H, formed by tuples with the generator parameters. These spaieghose that hatke minimum
dimension and allow the apodal robots with any number of modies to move There is no reason
why these movements should be optimum. Adding more paraseéteprinciple, better solutions
could be found.

From these models the problems of the direct and inverseridties, that establish relationships be-
tween the control model and locomotion, can be set forth mitine precision. Witldirect kinemat-
icsthe values applied to the controllers are the starting faridtdetermine the kinematic parameters,
the type of movement and the dimensions of the robot. \iitkerse kinematicsthe value of the
control parameters are looked for, so that the robot movessame type of movement and with given
values of the kinematic parameters, as well as fulfillingaiarrestrictions in the dimensions.

To resolve the direct and inverse kinematics thethematical modelis developed with which pa-
rameters are obtained for the robot’'s shape and defineshtiyge space$; andh,. Each point of
these spaces is associated to a shape of robot. The equatimhsrelated to the control spaces and
that of the shapes have been presented. Apodal robots haeediroensional topology which means
that their shape is described by means of curves and theiement by the waves that are propa-
gated. Using a control model based on sinusoidal osciligfithe shape of the robots is described by
means oferpenoid curves and waveskFor the 3D serpenoids, a classification has been estatblishe
in function of how they propagate and the shapes that thesepte This will be used in chapter 5 to
study locomotion on a plane. Each group of 3D serpenoidshailk a different associated gait.
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Chapter 4

Locomotion in 1D

"If 1 don’t know something, | will investigate”
— Louis Pasteur

4.1 Introduction

In this chapter we will study locomotion in a straight linetb& pitch-pitch group of modular apodal
robots when using the model of sinusoidal oscillators preeskin the section 3.5.

Firstly locomotion using the continuous robotics modell\wi& analysed. The basic principles of
locomotion will be obtained, the shape space, the dimesstbe criteria of stability and an equation

to calculate the step is proposed. Below we will itemise tlexious ideas for the wired model of the

discrete robot and present the methodology to resolve thid@gms of direct and inverse kinematics.
Then a case study will be presented where we will apply alptiegious concepts to an eight module
robot. Data will be obtained that will then be contrastechwiite experimental results in the chapter
7. Finally all the ideas will be summed up in 11 principlesafdmotion.

4.2 Continuous model

Although the modular robots of the pitch-pitch group are btune discrete, the understanding of the
continuous model allows us to obtain the essential prageedf one dimension locomotion that are
common to all apodal robots, regardless of the number of feedisplacement is only produced

if movement of the robot’s modules are well co-ordinatedwilt be seen that with the continuous

model this co-ordination is satisfactorily explained.

99
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Figure 4.1: Locomotion by means of wave propagation in pétars when two different sizes of
body waves are used

The mechanism of locomotion is due to the appearance of calnpaves that are propagated along
the length of the robot.

4.2.1 Wave propagation

The mechanism of locomotion basedwave propagationis inspired by a caterpillar’'s movements.
In it an undulation of the body appears that is propagaten fite tail toward its head causing the
animal to move a certain distanA&, which is calledstep.

This mechanism of locomotion has the following properties:

» The direction of the propagation of the wave determines if tle robot moves forwards or
backwards. In the example 4.1 the waves are displaced toward the dghsing the robots to
move in the same direction.

» The step is determined by the dimensions of the body wavén the figure 4.1 the locomotion
of a robot is shown when two different sizes of body waves asgluThe movement | employs
a higher wave which means that the step is bigger than themavil (Ax; > AXy).
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Variation with o

o =0 : i* Variation with k
0=30: ¢
k=1
: h o :Ih
0. =60" :I ........... k :2'.‘ ............................................ i .
3 Ix - i i
i ............ k=3i ii
0. =90! I i :
:4 ;: k=4i ....... i¢
o =120 I k5! )
— i LY
! ! k=10: :T

w 1

Figure 4.2: Variation of the robot shape with theandk parameters, whe@ = —90

Itis seen that it is the global properties of the wave tha¢igeine the robot’'s advance. This allows
us to describe the kinematic model beginning with the chargstics of the waves that pass through
the robot’s body.

When the control model of sinusoidal generators (see se&ib) is used the body wave that ap-
pears is a serpenoid type (section 3.6.2). In the followigiens we will study this wave and its
dimensions and we will deduce the criteria of stability amel $tep equation.

4.2.2 Serpenoid Wave

The parameters that characterise the serpenoid wave araesinp in the table 3.6. They are the
winding anglea, the number of undulatiorisand the phase. The pair(k, a) determines the shape
of the robot and its dimensions (heighand widthw). We call this paiworking point.

In the continuous modehe height and the width do not depend on the phaseand they remain
constant during the propagation of the wave. In the figureéhe2elationship betwegik, a) and the
shape, for a robot with lengthand phase -90, is shown graphically. In the central sectiefidrm of
the robot, fora = 60 andk = 2, has been drawn in a darker colour. On the left are the i@mgtvith
the parameten. The greater the value @f, greater is the height but the widthw is less. To the
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Figure 4.3: Variation of the shape with the phase, wkenl anda = 60 degrees .

right the variation withk has been drawn. When the number of undulations are incretheeldeight
diminishes butv remains constant.

The shape of the robot with the phagés shown in the figure 4.3. A positive increase of the phase
causes the wave to move along thaxis negatively.

4.2.3 Shape spach;

We call shape spad® being the total of all the working poini, a) that are found in the region
a € 10,120 andk > 1. Each one of these points determines the shape and dimersithe robot for

a given phase and length. This space will be represented in a Cartesian system, wdlosessa
are the number of undulations and the ordinates the windigigaas is shown in the figure 4.4. In
this example a phase gf= —90 is being used. For the points of the straight kine- 0, the robot is

a horizontal segment of lengthTo see the variations of the shape the working pait60) is taken.

A negative displacement in the ordinates makes the windigleadecrease and therefore the robot
will “flatten out”: wincreases ant diminishes (compare the point4,60) and(4,30)). A negative
displacement of the abscissa causes a lessening in the nofmiredulations, increasinky while w
remains constant (compare the poifdss0)and(2, 60)).

This representation of the shape space allows the restrictif the robot’s dimensions to be expressed
graphically. Itis also useful to draw the graph of the diniens and the step in relation to the working
points.
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Figure 4.4: Graphical representation of the shape shac&he robot shape are shown for different
working points, when the phase is -90 degrees.

In the continuous model the valuelofs not limited, which means that the axigxtends to infinity.

4.2.4 The robot's dimensions

Each point of a shape space corresponds to a robot of ceitagngions. The equations that link
(k,a) to the normalized dimensions are 3.24 and 3.25. From thetetight and width of the robots
with a lengthl and number of wavdsare calculated (equations 3.26 and 3.27).

In this section the variations in the dimensions of a cortirairobot of lengthh = 1 are analysed as

it moves in the shape space. The valn@esdw are represented as percentages in relation to the total
length. Given that the parametieis not limited, the region is limited t& < 10 to obtain a better
graphical representation.

4.2.4.1 Height

The normalized heighty, is obtained from the pointk, a) by means of the equation 3.24. In the
figure 4.5 it is shown graphically. The working point, whehe tobot is taller, ig1,120), which
value is approximately 40% of its length. It is observed ibhadiminishes wherk increases and
decreases.

In the figure 4.6 the height of the working poif, 60) and its variation in function of the param-
etersk (left) and a (right) are shown. The variation witlr is quite linear between the values of
approximately O and 60 degrees. The valub &f inversely proportional t&.
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Figure 4.6: Normalized height for the working poii2 60) and its variations wittk anda
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Figure 4.8: Normalized Width of the working poif®,60) and its variations wittk anda.

4.2.4.2 Width

The normalized width is obtained from the po{kta) by means of the equation 3.25. The graph is
shown in the figure 4.7. The width is maximum wher= 0 and decreases with the increaserofit
remains constant witk.

In the figure 4.8 the working poir{2,60) is shown and its variation witk anda. For values ofr
between 60 and 120 approximately, the variatiowadd fairly linear.

4.2.5 Stability principle

The locomotion of the robot is determined by its shape andethee by the position of the working

point within the shape space. In some zones the movemerbevgtatically stable, in others move-
ment will not exist or will be very brusque. In this sectionréerion is established to determine in
which region of the shape space movement is staticallyestabl
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We will say thatthe robot is stablefor a phasep if it is verified that at least two supporting points
with the ground exist and that the centre of gravity fallshivitthe segment that joins these two points.

Statically stable locomotionis defined as that in which the robot is stable for all phasdsat s

to say that the robot is stable during the propagation of theew It is verified also that when the
locomotion is of this type the centre of gravity remains glsvat the same height and the movement
is very smooth.

Principle of stability If the number of undulations (k) is greater than or equal t®twhen the
robot’s movement will be statically stable.

What is more, within the region of stability, the greater tiadue ofk, the greater will be the robot’'s
stability. Whenk is increased the average of the supporting points will batgreand the height of
the robot will decrease, improving the stability.

In the following paragraphs this principle will be studiedmore detail.

4.2.5.1 Stability whenk > 2

When the number of undulations is greater than or equal theéetwill always be at least two
supporting points with the ground and the robot will be stabln the figure 4.9 five instants are
shown during the movement of a robot with two undulationshywhases corresponding to -90, 180,
90, 0 and -90 degrees. Initially three supporting pointstekierefore the robot is stable. When the
phase is varied the waves are propagatedgre1180 there are only two supporting points, but as the
projection of the centre of gravityCg) is within the segment that joins these two points, the radbot
stable. This condition is verified for the other phases. Aligoheight of the centre of gravity remains
constant.

The situation is similar fok > 2 but with the difference that the average number of suppgppoints
will increase.

4.2.5.2 Stability fork < 2

Whenk < 2 phases exist in which there is only one supporting pointhi situation the robot will
incline forwards or backwards. During the movement, theaye number of support points will be
less than 2.

The worst situation is when there is only one supporting fpdtroccurs for the phases in which the
robot has the shape of a “U” in its central part. In the figufed4his situation is shown for different
values ofk. Whenk = 2 it passes from one to three supporting points.
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Figure 4.9: Robot locomotion whdn= 2. It is statically stable
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Figure 4.10: Robot stability and theparameter
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Figure 4.11: Relationship between the phase and stabilignk = 1

As an example of a movement that is not statically stable #ise ofk = 1 will be studied. First the
relationship between the robot’s phase and stability vélabalysed. In the figure 4.11 on the left the
shape of the wave is shown for different phases and on théthighactual orientation of the robot.
The shapes are equal, but their inclinations vary. In the cdg = —90 both orientations are the
same. The supporting points A and B are aligned.¢-er180, the initial supporting point is A. The
robot must lean to the right so that point B also comes intdazrwith the ground. In this situation
the robot is also stable. The same happengfer0 but it leans to the opposite side.

Nevertheless the worst case is producedget 90. There exists only one supporting point so the
robot will lean towards the left or the right, or will wobble.

What the locomotion of the robot will be like can be obtaineahi this information. It has been
drawn in the figure 4.12. It begins with a stable situation. ttis phase increases the wave moves
to the right. The robot begins to move in the same directiohekp = 180 the centre of gravity is
nearer to point A and its height has decreased. When the jFhasar to 90 degrees (the worst case),
the projection of the centre of gravity is very near to A. As e robot leans to the right. When the
situation is reached where the phase is near to 90 but gtbateit (90+ €) the robot will lean toward
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Figure 4.12: Stability of the robot whdn= 1

the left with the supporting points A and B disappearing,levbivo new ones, C and D, will appear.
This transition is not stable. It provokes a brusque movetimghe robot. The wave continues being
propagated and the movement continues stable until it esattte initial phase = —90, where the
cycle ends.

The resultis that for the caselof= 1 and in general fok < 2, the robot is not stable at every moment.
There is an existing range of phases in which one extremisydgainst the ground. This does not
mean that movement cannot exist, rather that a transitiisgloe in some of its phases, will appear.
This effect can be controlled with the parameaterFor low values the robot will have little height
and the inclination from one orientation to another will lneo®th.

Also when the locomotion is not statically stable the heighthe robot’s centre of mass will not
remain constant but will oscillate with the propagationta# tvave.
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Figure 4.13: Step characterisation

4.2.6 Step characterisation

Of all the points of the shape space, only in those which fillélprinciple of stability the locomotion
will be statically stable. This is the region where it coulkmown a priori which is the step that the
robot takes in function of the parameté&randa.

4.2.6.1 Step equation

Step principle: If the movement is statically stable and assuming that tier® slipping of the
supporting points, the robot’s step is calculated by mednbaequation 4.1

1 1
Axf(lfw)Efkf/\fllf)\ 4.2)
wherel is the robot’s lengthw the width andk the number of undulations. The deduction is shown

graphically in the figure 4.13 where the forward movementefrobot has been represented in five
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different phases and with= 2. The reasoning is the same wHex 2.

In the beginning there is a robot with an initial phase of -@Qmkes. The parameteiis the length of
an undulation and is equal kgk. The wavelengti is the width of one undulation. It is equalg’k
(eq.. 3.21). P is the point of contact with the ground thatahy is on the extreme left. On varying
the phase, this point moves towards the right.

Assuming thathere is no sliding on completing a cycle the point P will have moved a distance
equal to the length of an undulatiol), A new support point, Q, appears on the left situated on the
abscissd; — A. The distance that the left extremity of the robot has moweihd a cycle isAx, that

is the abscissa of point Q, for whizkx =11 — A. Placingl; andA in function of| andk the final
equation 4.1 is obtained.

4.2.6.2 Normalized step

The normalized stepix, is defined as the distance that a robot of unitary length azb@anlt is
obtained from the equation 4.1 substitutinfgr 1:

AXn ==

Il

(1—wh) (4.2)

wherew,, is the normalized width. The calculation of the step for aotatf generic length is propor-
tional to the normalized step:

AX = | AXq

The equation 4.2 can be rewritten putting it exclusivelyundtion of the working point as:

AXn -

Il

1
(1— /cos(a cos(2ns))ds) 4.3)

0
4.2.6.3 Shape space and steps

The equation 4.3 associates a step to each one of the wor&ints pf the shape space. Given that
we can only know a priori the step of the movements that atécally stable, the shape space is
restricted to the points where the criterion of stabilitg#ablishedi( > 2).
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Ax (%)

0 1 1 1 1 1 1 1 0 1 1 .l 1 1
2 3 4 5 6 7 8 9 10 0 20 40 60 80 100 120
k o(degrees)

Figure 4.15: Normalized step in the working po{@t60) and their variation wittkk anda.
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My=4 M, =8

Figure 4.16: Comparison between a continuous serpenoia @rrd two discrete serpenoid curves
with 4 and 8 modules per undulation

The representation of the step for the points of the shapeespih valuesk > 2 are shown in the
figure 4.14. The maximum value dix is approximately 45% of the length and is obtained for the
working point(2,120). That is to say thathe step will be bigger the greater thata is and the
lesser thatk is.

In the figure 4.15 the working poiri2, 60) is shown and its variation witk anda. The variation of
o between 60 and 120 is quite linear.

4.3 Discrete model

4.3.1 Introduction

The real apodal robots are by nature discrete. They are thbyehe union ofM modules. They
are modelled using the same parameters as in the continases winding angler and number
of undulationsk. The mathematical model that is used is that of a discrefgeseid curve/wave,
introduced in the section 3.6.3.

In the continuous model, the joints are separated by anteginial distance and an infinite number
of them exists. Nevertheless, in the discrete mddi@hodules exist, separated by a fixed distatice
The shape and properties of the robot depend, also, on theerwwhmoduled that exist. To study
the basic shapes a new parameter is defitednumber of modules per undulation

M
Mu—?

(4.4)

The parameté¥, is that which defines the shape of the undulations of the r@mthat the undula-
tions of a robot withM = 8 andk = 2 will be the same as another wilh = 4 andk = 1. Both with
MU == 4.

In the figure 4.16 a continuous serpenoid curve is shown onlwiiaio discrete serpenoids have been
superimposed, one with four modules per undulation and ther avith eight. The greatevl,, the
more it will be like the discrete to continuous model.
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| Parameter | Description | Range |
A Phase difference Ap € [-180,180
M Number of modules M>2
My Modules per undulation My € [2,M]
k Number of undulations ke [1,M/2]
A Amplitude of the generators A € [0, Amay , Amax < 90,
a Winding angle a € [0, 0may ; Omax < 120

Table 4.1: Parameters and their ranges for the discreteaapmizbt model

|A®|=180 M=8 k=4
1 ;
P P P P -9 ¢ -¢ Y
Discrete /‘\/‘W\/ \./\/\N\
-¢ -¢ -¢ -0 ¢ ¢ ¢ ¢
Continuous

Figure 4.17: Robot shape whiefi g| = 180 for the phases in which the bending angle is maximum

Due to this discretization process, limitations will appeeathe values otx andk. Also, the shape
of the wave during the propagation will not be constantin contrast to the continuous case.

To study the properties of a discrete apodal robots’ locaonat is assumed that there aveblocks,
each one with one pitch-joint (module blocks). The valuehaf pair of parameterdy andd will

be thereford /2 andL respectively (see table 3.1). For the study of the propedidocomation in

a straight line of the pitch-yaw group of robots, the resuoftshis chapter can be applied directly,
redoing the calculations using the corresponding valuelg ahdd.

The normalized discrete apodal robot is that whichdhas1. All the graphs of this section will be
drawn considering normalized discrete robots.

4.3.2 Differences to the continuous model

In the discrete model limitations appear in the values op#sameters, that are summarised in the
table 4.1. They will be analysed in the following sections.

4.3.2.1 Limitations on the phase differencef®)

In the continuous model the joints are separated by an iefimital distancels and therefore the
phase difference between the poistands+ dsis also infinitesimal figp — 0). Nevertheless, in
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the discrete model this phase difference is given by thetexuad.40. It depends on the number of
modules 1) and the undulation]. If this equation is rewritten in function of the parametgrand
the phase difference is expressed in degrees, it is:

360
|Agl = Mo (4.5)

By the definition ofAg, its range of values are found between -180 and 180 degrelesn M ¢| =
180, the consecutive joints are out of phase and therebeitding angle fulfil$; = —¢;, 1. In the
figure 4.17 the shape is shown that two discrete robots haea \xkp| = 180 for the phases where
the bending angle is maximum. In these conditions all thetgohave the same absolute value, but
with contrary signs. The robot is formed of chained isosiangles. A robot of eight modules has
been represented, with four undulations. In the lower & eguivalent continuous serpenoid curves
have been drawn.

4.3.2.2 Limitations of M,

Substituting the valu@A @| = 180 in the equation 4.5 gives the result that the minimum remob
modules per undulatiol, is equal to 2. In this situatiorM, = 2) the robot has the shape shown in
the figure 4.17My =M /k=8/4=2).

The maximum value oM, is equal to the number of modules. It is obtained ot 1. In the
theoretical model, there could be as many modules per utilukzs desired, adgl could be enlarged
accordingly. Nevertheless, in practise the limitationl Wi given by the maximum torque of the
servos employed in implementing the worm. A gredigr more modules will have to be raised,
requiring a higher torque.

This thesis concentrates only on the kinematics and willcooisider the torque of the motors, that
we will suppose can be infinitely great. For this reason tihhgeaof values of the number of modules
per undulation i, € [2,M], andM is an unbounded whole nhumber.

4.3.2.3 Limitations of k

When the number of undulations are increased, the vali, afecreases, ad is constant (eq. 4.4).
Therefore, the maximum value kiis given by:
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Figure 4.18: The shape of an M module discrete apodal robetwtis equal to one, two and four.
It cannot have more than four undulations.

Mechanical limitation Maximun winding angle
Imposible shape

Figure 4.19: Limitation of the maximum value of the bendimg e

In the figure 4.18 an eight module robot is shown with 1, 2 anddulations. There cannot be more
than 4 undulations.

As k andM, are inversely proportional, the bigger thais, the fewer number of modules there will
be in each undulation and therefore the greater the errdreoptocess of discretization. That is to
say, the difference between the continuous serpenoid and¢he discrete one will be greater.

4.3.2.4 Mechanical limitations

In the continuous model, because of the serpenoid curvamggy, the winding angle cannot be
more than 120 degrees. Beyond this value there will be asgmilibetween points of the same curve.
In the discrete model, as well, there is a limitation of thexmmum value of the bending angle,

that cannot be greater than 90 degrees, due to the buffereogetiros used for its implementation.
Therefore, the parametérmust always fulfilA < 90. There are, therefore, two limitations:

 Servo limitation. The bending angle of the servo can never be greater thanffes A < 90).

» Geometrical limitation. The winding angler can never be greater than 120 degrees.
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What is more, the parametekanda are joined by the equation 3.39. The limitation of one partame
will affect the other and vice-versa. Therefore, in genénahe discrete model there will be the
following restrictions:

o < amax< 120

A < Amax< 90

The figure 4.19 shows graphically a situation where theréiraiations because of the servo. On the
leftitis drawn in a way thatis NOT possible, in whiah> amaxand therefore violates the mechanical
limitation of one of the joints ang > 90, which is impossible. In the robot on the right, the valtie o
Ais 90, which means that there is at least one bending angéediven phase in whiclh will be 90.
This limits the winding angle to a value inferior to its buffef 120.

Therefore, not all the points of the control spateand of the shape spabg are valid, only those
that are found in the regions for whighe [0, Anay anda € [0, admay. For the rest of the points one
or other of the previous limitations will be violated.

4.3.2.5 Regions of limitations

The parameter8max andamax depend oy, and are given by the following equations:

45 Mu < MUL

Omax= sin vy ) (4.6)
120 Mu > MuL

Am 90 Mu < MUL 47

= 2403in(M—"u) My > Mut (4.7)

The constani,_ divides the range dfl, into two regions, in each one of which appears a limitation.
Itis expressed as:

T
= —~82
ut arcsin(3)

WhenM,; < My, the limitation is due to the servos. In this regidax = 90 anddmax will always
be less than 120 degrees. It is the example shown in the figl®e Zhe robot on the right has a joint
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Figure 4.20: Graphical representationopfax andAmax in function ofMy. The two regions of limita-

tions are shown
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Figure 4.21: Graphical representation of the maximum wigdingle for four different values o,.

with a bending angle equal to 90. This limits the maximum gadfia. If a increases, this join will
have an angle greater than 90, which is not possible becétise louffer.

In the regionM, > My, the limitation is due to the geometry. Indtnax = 120 andAmax < 90. If
amplitudes greater thafi,ax are applied, parts of the robot will collide and the resimictoa < 120
will be violated.

In the figure 4.20 the graph @fnax andAmaxis shown in function oMy, as well as the two regions
of limitation. In the figure 4.21 the shape of four robots haeen graphically represented for values
of My of 3, 5, 8 and 12. The first three are in the region | and the et i

Deduction of the expressions The equation 3.39 that relates the paramatefra discrete serpenoid
with the winding anglex can be rewritten in function d¥l, as:

A=2asin (Mi) (4.8)

u

Extracting the winding angle the result is:

q— A
Zsin(M—’Z)

A anda are directly proportional for which the maximum valueais obtained for the maximum
value of A, that is 90. What is more, it must always be less than or equaP6 which gives the
inequation:
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Figure 4.22: Variation of the shape of an apodal robot withghase

Continuous Discrete

Figure 4.23: Variation of the dimensions with the phase

45

Omax= ——F—~ < 120
sm(M—"u)

ClearingM,, the value oMy, that delimits the two regions, is obtained:

m
My =——-—~82
ut arcsin(2)

To obtain the expression @&,ax the equation 4.8 is particularised far= 120. It will be valid in
region Il.

4.3.2.6 Behaviour with the phase

Another difference between the discrete and continuousisdgithe behaviour with the phase. In the
continuous model the wave shape is the same, only it is disdlal herefore the wave’s dimensions of
height and width remain constant with the phase. Nevergkela the discrete model the orientation
of the segments changes with the phase. In the figure 4.2h#pe ©f a discrete apodal robot with 8
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joints is shown for different phases. The continuous andrdie curves have been superimposed. In
the phasey each undulation has the shape of a trapezium. Nevertheldbg, phasep, the shape is
triangular.

In the figure 4.23 the shape of an undulation of four arti¢oret is shown for different phases and
is compared with a continuous undulation. The height of tiserdte undulation varies between a
maximum and a minimum that are reached in the phasesdg, respectively.

As is indicated in the section 3.6.3.4 the dimensions of erdie serpenoid wave are defined as the
maximum ones reached to vagy To speak of the height of an apodal robot as being 8 cm, for
example, means that at least one phase will exist in whictélfight will have this value, though in
all the other phases it could be less.

4.3.3 Discretization

In this section a criterion will be established to compaeedbntinuous and discrete models. First the
discretization error is defined and then the criteria ar@psed that indicate when a continuous robot
can be approximated to a discrete one and the error thatrig beade.

The comparison will be made supposing normalized discrates/(l = 1) with only one undulation
(k=1).

4.3.3.1 Discretization error

Given a serpenoid wave with a winding angleéhe discrete serpenoid wave is defined as the equiva-
lent of My, joints which has the same parameter

The comparison of the discrete and continuous waves will a@abased in the worst case difference
between the dimensions. We will calculate the relativereanal will express it in terms of percentage.

The normalized dimensions for the continuous and discre@atdepend on the winding angle. The

worst case is that in which the curvature is greatest, whigltoduced when the winding angle is the
maximum possibled = 0may).

Theerror in height, &, is defined in the following way:

hc(amax) — hd(amax)
hc(amax)

&h =

whereh; (amay) is the normalized height of the continuous serpenoid wavthiomaximum winding
angle andhg (amax) is the same but for the discrete wave. In a similar waydtrer in width is
defined:
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. Wc(amax) —Wq (amax)
We(Omax)

gw—

From thisthe discretization error is defined as the maximum value of the errors in the dimensions

&g = max{ &y, &w}

With this definition, to speak of a 5% discretization erradigates that both the height and the width
show a difference less than or equal to 5% in comparison todh&nuous model’s dimensions.

4.3.3.2 Discretization criteria

In this section three criteria are established to compaealibcrete with the continuous model ac-
cording to the different values of discretization erroreylare:

« Criteria of 15% : If My > 3 then the discretization error is less than or equal to 15%.
« Criteriaof 10% : If My > 5, then the discretization error is less than or equal to 10%.

« Criteria of 5% : If My > 7, then the discretization error is less than or equal to 5%.

The criteria that is employed in the rest of the sections béllthat of 5%. Therefore the following
affirmations can be made:

Principle of discretization: The discrete robots that have a number of modules per uridnlgteater
than or equal to 7 can be approximated for the continuous #gos with an error less than
5% in their dimensions.

Demonstration In the graph of figure 4.24 the discretization error is shogyrade,). From them
are deduced the different discretization criteria. It isrstéhat the error in the width is always less
than that of the height, therefore, itég which determines the discretization error. It is proved tha
for My > 7, the discretization error is less than or equal to 5%. Therém the width tends rapidly
to reduce to 0 wheM,, increases. The error in the height tends to diminishes mowdysand with
oscillations.

In the graph at the right of the figure 4.24 the absolute erréihé normalized height with respect to
its length is represented. It can be seen how this error deesewithar and is a maximum wheo

is equal toamax If it is guaranteed that the error is below a thresholddggx then it will be for any
o < Omax
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Figure 4.24: Left: Discretization error in function df,. Right: Absolute discretization error in
height for different values ofr.

4.3.4 Shape
4.3.4.1 Shape, phase and modules per undulation

The discrete apodal robots have different shapes accalthg phase. When the wave is propagated
its shape as well as its dimensions change. This variatitin the phase can be represented in a
diagram as is shown in the figure 4.25. On one hand, wWgrincreases the shape increasingly
becomes like that of the continuous model. According to tiserdtization criteria set forth in the
section 4.3.3.2, whell, > 7 the difference in the dimensions is less than 5%. In the abtbe limit,

My = 2, the variation of the phase makes the worm compress andéxpathis case a global wave
is not propagated.

4.3.4.2 Shapes and winding angle

The variation of the shape with is shown in the figure 4.26. As we show in the section 4.3.26, t
maximum value ofx increases wittM,, until it reaches the highest value of 120 degrees where the
geometric limitations appear. Whenis increased maintaining the saig, the heightincreases and
the width decreases.

4.3.4.3 Shape space

The same as in the continuous case, the shapes of the robdtewiépresented as points in the
shape space. But in the discrete case, the points are tlse(dajra). With this we are representing
the shape that one undulation has. Also, owing to the mechhblimitations it does not deal with

a rectangular space, but the region that is between theM&nd the curvesr = dmax(My) and

o =120 (eq. 4.6).
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Figure 4.25: Variation of the robot’s shape with, and the phase
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Figure 4.26: Variation of the robot’s shape withandM,,

In the figure 4.27 a region of the shape space is shown and pleetasf the discrete apodal robots
for different working points. The maximum value bf, is M, that is obtained whek = 1 and the
minimum is 2, corresponding to= M /2.

4.3.5 Dimensions

In this section we will represent graphically the dimensiaf the discrete robot for the different
points in the shape space, together with the variation véhpthase. The dimensions obtained are
normalized in relation to the length of a bloak) @nd not so in relation to the total length &s in the
continuous case. To obtain the dimensions of a generic tblegtwill have to be multiplied by the
value of their parametet.

4.3.5.1 Height

The normalized height of a discrete apodal robot is giverhbyeiquation 3.37 and it has been repre-
sented graphically in the figure 4.28. On one hand the heigihéases witth,. This is logical. The
greater the number of modules, greater will be the totaltlenfa robot’s undulation and therefore
greater will be the height. It also increases withas in the continuous case.
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Figure 4.27: Shape space of the discrete apodal robots
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Figure 4.28: Maximum normalized height of a discrete apoadladt () for every point in the shape
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Figure 4.29: Variation of the height for different workingipts. Left: variation withM, (shown for
three different values of the winding angI®ight: Variation witha (shown for three different of the
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Figure 4.30: Variation of the height

In the figure 4.29 the variation for different working poifgsshown. On the left the variation with
My has been drawn for different values of the winding angle. l@right is the variation witlw, for
robots with distinct number of modules per undulation.

The height varies also with the phase. By definition,tlfés taken as the maximum value between
phases (eq. 3.35). We denote the minimum valubgd®iin). So, the expressiohy — hy (@nin)
indicates the maximum variation of the height with the phdsgs variation, relative to the maximum
height, is represented graphically in the figure 4.30. Wikignincreases the discrete robot becomes
more like the continuous and therefore the variation in hiewgll tend to zero. For values d¥l,
greater than 8, this variation is less than 10%.
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Figure 4.32: Variation of the width for different working ipbs. Left: Variation with My. Right:
Variation witha.

4.3.5.2 Width

We will study the width of the discrete apodal robots for amlwiation (in this case the width will
be equal to the wavelength). Its value is determined by thmatan 3.38 and is shown graphically
in the figure 4.31. The same as with the height, whirincreases the width also increases. It also
increases wheo diminishes. Whem = 0, the robot is a straight line situated on thaxis and with

a length equal tdv,,.

In the figure 4.32 the width of different working points is sl To the left the drawing shows the
variation withMy, for robots with different values af. To the right the variation with \alpha is shown
for three robots with valuel, of 2, 4 and 8 respectively.

The width also varies with the phase. We define the variatidheowidth by means of the expression
Wq — Wq (@in). It indicates the maximum variation of the width with the pba It is represented
graphically in the figure 4.33. It is observed that this véoia falls very quickly withM, and for
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Figure 4.33: Variation of the wavelength

values above 3, the variation is below that of 5% (approxétyat This implies that fronM,, > 3 the
width remains practically constant during the propagation of the wave

4.3.6 Stability

The criterion for stability obtained for the continuous mbsection 4.2.5) also applies for the dis-
crete case. At every instance during the propagation of thethere must exist at least two support-
ing points and the projection of the robot’s centre of grawiust be situated between them. This is
always guaranteed as longlag 2. When this criterion is not fulfilled anki < 2 will exist a phase
in which the robot will have only one supporting point, whitleans it will incline either forwards or
backwards.

In the figure 4.34 the idea is shown applied to an apodal roltbtMiy, = 3. Two robots have been
represented, one with= 1 and the other wittk = 2 for four different phases and they are compared
to the shape of a discrete serpenoid wave.

In the case ok = 2, the robot has the same shape as a discrete curve, butcalgol?. There will
always be at least to supporting points which means it idestatall the phases. Unstable phases exist
in the case ok = 1 in which the robot inclines. The worst case is produced 80 aegree phase,
where there is only one supporting point situated in thereenThe robot will incline forwards,
backwards or oscillate.

That it does not fulfil the criterion of stability does not ityggthat locomotion is non-existent, only
that it must be taken into account that some phases of ti@msite more abrupt. If the locomotion is
carried out with high values af, the transition will be very abrupt and the robot could suffeamage.
Nevertheless, for small values it will be almost unpercgive
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4.3.7 Characterisation of the step

4.3.7.1 Equation of the step

The way to calculate the step in the discrete apodal robatisniar to that in the continuous case.
Supposing that no slipping of the supporting points exists that the wavelength remains constant
during its propagation, the step is calculated applyingetipgation of the continuous case (eq. 4.1).
The figure 4.35 shows the movement of two discrete robotsiduricycle, of 3 and 4 modules per
undulation withk = 2.

Nevertheless, when dealing with a discrete rabetwidth does not remain constant during the
propagation. For some phases the robot will have a greater width tharrotfiéis means that the
distance between the two supporting points, the left onettaadight one, will vary with the phase,
causing, at the same time, that they slide on the surfacéhelexample of figure 4.35, during the
first transition between the first two phases shown we haweraess that the two support points are
situated at the same distance and that they remain immabitespect to the ground. Nevertheless
this generally does not happen. The geometry of the disctetee implies that during the transition
between these two phases this distance does not have to &le €ha left or right support point (or
both) will have to move.

Principle of discrete robot’s step : If the movement is statically stable, the number of modutes p
undulation is greater than or equal to 3, and the ground ishstiat it does not allow the
support points to slip, the robot’s step is given by the eiqued. 1.

As we show in the section 4.3.5.2, the width of the discrebmtoaries less than 5% whéhu > 3.
This variation, besides, is practically non-existent falues greater than 4. In these cases, therefore,
the step equation for the continuous robot can be appliduetdiscrete robot.

4.3.7.2 Shape space and step

The normalized discrete robot’s step, for each one of th&iwgmpoints of the shape space is shown
in the figure 4.36. It is observed that when the step increastsM,: increasing the number of
modules per undulation, greater will be the total lengthardth of the robot. Increasing the values
of the winding angle, the width diminishes, therefore thepstlso increases.

In the figure 4.37 the step for different working points iswho On the left are drawn the variations
with My, for robots with different values ofi. On the right the variation is shown with for three
robots with values oM, of 3,4 and 8 respectively.
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Figure 4.36: Normalized Step of the discrete apodal robogvery point of the shape space.
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Figure 4.37: Locomotion of the discrete robot for differealues ofMu anda



134 CHAPTER 4. LOCOMOTION IN 1D

Wired model Hexahedral model
o
R @,
o )
(O ® D,
[ ]
@, ® e D,
d
_ 2L = L > L

Figure 4.38: Differences between the locomotion of the evaed hexahedral models. Only the three
joints on the lower part of the undulation are shown.

4.3.8 Hexahedral model

In this section we will see the relation that exists betwe@edvand hexahedral models and how the
equation to calculate the step can be applied.

In the figure 4.38 three articulations have been drawn in b@sesp;, @ andg; during the locomo-
tion of an apodal robot df1 modules. In these phases the joints shown are on the loweofe
undulation, in contact with the ground. The rest of them havebeen drawn. In the wired model
each joint is the supporting point on which the other artitiohs rotate. In the hexahedral model,
nevertheless, two supporting points exist. On one theiooté carried out during the transition from
@ and @, and on the other during the transition frapgn and ¢;. Due to this, in each model, the
distance between the left hand jointgn and the right hand one i@ is different. In the first one it

is equal to 2, and in the second it isl2+ c. Therefore, to calculate the robot’s step we can approx-
imate the hexahedral model by an equivalent wired one inhwtése the length of the modules will
belL + c. The equivalent length ig = M(L +¢) = ML+ Mc =1 + Mc.

The value of the constactdepends on the dimensions of the hexahedral module. It lxiphase
@ that it is verified that the turning angle is maximum and haalaevequal to the amplituds = A.
For this reason, the constanis calculated as indicated in the figure 4.39, using the éguat
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The equation to calculate the step of the hexahedral modditaned from the equation 4.1 substi-
tuting the lengtH for the equivalent length.:

e wn(5) -+

(4.9)

Xl

4.4 Kinematics

4.4.1 Introduction

In this section we will deal with the problems of direct analdrse kinematics and will propose a
methodology to solve them. The parameters for the contrdlsrape spaces will be established
and we will introduce the idea of locomotion region. The pregd solution is based on realising a
transformation between the spatgsandHys.

4.4.2 Control space

The control spacel; is formed by the pair of point&Ag, A) that determine the values of the phase
difference and amplitude that is applied to all the sinuabignerators for the control of the robot.

Due to the mechanical limitations described in the sectid®244, this space is divided into two

limitation regions, | and Il. From the equation 4.5 the phdi§ierence that limits these two regions

is obtained:
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Figure 4.40: Graphical representation of the control sphce

360
A = — =439~ 44 (4.10)
MuL
WhenAg < Aq@_, the limitation is due to the geometry and whs@ > Aq_ it is due to the servo’s

buffer. The equation 4.7 to obtafax Can be rewritten as:

240sin(22) Ap<A
ax:{ S'n(z) LN (4.11)

90  Ap>Ap

In the figure 4.40 the control space has been representeligatp together with the two regions of
limitation.

4.4.3 Transformation of spaces

We propose to resolve the problems of direct and inversenidies by means of transformations
between the control and shape spaces. In the case of dineché&tics, given a poirR of the control
space it has to be determined what is its equivalent goimthe shape space. Froothe dimensions

of the robot and step are calculated. For inverse kinemdtizs the restrictions in the kinematic
parameters and the dimensions, the regions in the shape amaacbtained and these are transformed
into their equivalents in the control space.

In the figure 4.41 both spaces are shown and the correspondeteeen the point§ € H; and
pi € hy. The pointd: and ps are those that separate the two limitation regions: | anddlare fixed
points that do not depend &h. Not so with the point$,, Ps, ps andps, that do depend oll.
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Direct kinematics
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(44,90)

Shape space

Inverse kinematics
Figure 4.41: Transformation between the control and shppees

The equations to realise the transformations have already presented in previous sections, there
follows a summary:

(T
A=2asin (M—u) (4.12)
360
|Ag| = M (4.13)

4.4.4 Locomotion region

We define the locomotion region as the interior region of {h&cesH; or hy in which the robot is
statically stable. By the criterion of stability explainedthe section 4.2.5, the movement fulfils this
property if it is verified thak > 2.

Both the step equation (ed.1) and that for calculating the dimensions of the robot (e®73nd
3.38) are only applicable to the points situated in the loatiom region. The movement of the robot
for the points situated outside of this region will not befanin and will have to be studied using
other methodologies.
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Figure 4.42: Locomotion region in the control space

4.4.4.1 Locomotion region in the control space

Fork = 2, the number of modules per undulatiorMg2 and substituting this value in the equation
4.13 the phase difference that determines the boundareketthe locomotion region and the rest of
the spacdé; is obtained:

Apy= "= (4.14)

All the points for whichA@ > Ags belong to the locomotion region and therefore the loconmobip
the robot will be statically stable. To the left of the figurd2the spackl; and the locomotion region
are shown. To the right the four locomotion regions thatespond to robots of 4, 5, 6 and 8 modules
have been drawn. It can be seen how the region increasedwiththe robot has only 4 modules,
this region is just a vertical line. If the number of modulesrevinfinite, the locomotion region would
be all of spacé;.

4.4.4.2 Locomotion region in the shape space

The criteria for stability is fulfilled for all the points df; in which My, < M/2. In the figure 4.43
the locomotion region is shown graphically. Its value liefvieenM,, equal to 2 andV/2. AsM
increases, this zone increases and expands to the righspéleeh;, as we saw in the section 4.3.2.4,
is divided into two sub-regions of limitation, | and Il. Whéh/2 < M, the locomotion region is
inside the limitation region I, that is to say, that there Isrdtation because of the servos’ buffer and
the winding anglex will never exceed the maximum value of 120 degrees. \WH{¢a > M, the
locomotion region includes the complete region | and patt.of
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Figure 4.43: Locomotion region in the shape space

The value oM, that separates the locomotion region from the region in vkic 2 is denote by,
and as we have seen is equaMg@2.

4.45 Direct kinematics

The problem of direct kinematics is to determine if displaeat exists, the stefix and the dimen-
sions of the robdh andw when an amplitud@ and a phase differendep are applied to the sinusoidal
generators. It is resolved analysing in which regions ofcinatrol space the selected working point
is found. According to its location we will know if limitatits exist because of the geometry or the
servo, if it is an invalid point, if the locomotion is statlgastable or not and which is the working
point, in the shape space, that determines the dimensidhs obbot and the step by which it moves.
The stages to follow to resolve the direct kinematics arersachup in the proposed methodology.

4.45.1 Principle of symmetry of movement

The sign of the phase differenéep determines if the joini+ 1 moves a certain phase forwards or
backwards in relation to the This causes the wave to move forwards or backwards. Theréffixes
the direction of the robot’s movement, forwards or backwarthis sign only affects the direction
of movement and not the robot’s other parameters. With a fiedde forAg, the dimensions and
absolute value of the step will be the same for a robot thatamevithAg as one that does it with
-Ag.

Principle of symmetry: Given an apodal robot that is moving in a straight line andigeontrolled
by means of an amplitudeand a phase differendsp, if the sign changes frosg the resulting
movement will be equal to the initial one, but in the oppoditection, with the same absolute
value of step and with the same dimensions.

Because of this principle of symmetry, we will only study thevement for positive values df¢p,
drawing the control space fdvp € [0,180.
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Figure 4.44: Evolution of the robot’s shape when it is coltdbwith generators in phase (right) and
out of phase (left)

4.4.5.2 Movements in phase and out of phase

When the phase difference is 180 degrees, the movement afdngecutive joints is in phase oppo-
sition. In this situation there is no propagation of wavesher the ups and downs of the peaks and
the valleys alternate. Therefore, there is no movemernthefiorwards or backwards.

Principle of phase opposition: Given that an apodal robot to which the valuehgf of 180 degrees
is applied, it will not move. This happens for any value of ditagde of the generators.

The opposite case is when all the generators are in phaseéharefdreA@ = 0. Neither in this
situation will a global wave that propagates appear anafbez movement will not exist. The shape
of the robot is described by means of a discrete circular wWseetion 3.6.5.2). To avoid collision
between the head and the tail of the robot it is necessaryrify ¥leat the amplitude never exceeds
the maximum value given by:

90 M<4
Amax:{ 360 -
o M>4



4.4. KINEMATICS 141

([ ] ]
[}
[ ] [ L ] ° ° ° °
[ ] ] [ ] L] [ ] ] ® ] [ ] ]
M=2 M=3 M=4 M=5 M=6
Amax =90 Amax =90 Amax =90 Amax =72 Amax =60

Figure 4.45: Robot’s shape fgr= 90 when the generators are in pha&e & 0) and the amplitude
is maximum A = Anax)

In the figure 4.45 the shapes of five robots with a number of resdbetween 2 and 6 are shown
when the maximum amplitude is applied to them. When the pise@@ degrees and fdrl > 4 they
adopt the shape of regular polygons: square, pentagongbexa

Principle of generators in phase: Given an apodal robot in which all its sinusoidal generasoes
in phase Ag = 0), will not move. This happens independently of the valutghefamplitude
employed.

In the figure 4.44 the shapes that a 6 module robot adopts wbemgwith Agp = 0 andA@ = 180
are shown. When the joints are in phase opposition (left)rtit carries out contractions and
expansions. When the generators are in phase, the robstudpldn itself and then opens. In the
example shown it starts in an upright position supportecherground, then it forms a U, then once
more an upright, followed by an inverted U and then startsragehe amplitude value is that which
determines the shape that the robot will assume. In noneeafdbes is there locomotion.

4.45.3 Minimum number of modules

Principle of minimum number of modules: So that an apodal robot moves in a straight line with a
statically stable locomotion it must have at least 5 or mooelates.

The region of locomotion, where the movement is staticaipke is formed by the points whose
phase difference is within the ranffeg, 180, whereAg is given by the equation 4.14. For values
M < 3, Ags is greater than 180 degrees, remaining outside the rangg.iSto say, in these cases, it
is impossible that two undulations exist in the robot, beedtiis too short. For M=4\¢; = 180, and
the region of locomotion is a straight line situatedip = 180. Now, yes, there are two undulations
on the robot, but the generators are in phase oppositiorh@&pgrinciple of the opposition of phases,
in this situation there is no locomotion. Therefdwéemust be greater or equal to 5 modules.

This does not mean that robots with< 5 cannot move. They can do so, nevertheless the movement
is not uniform and there could exist abrupt transitions leetavphases. In this case a specific study of
each robot has to be made.
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4.4.5.4 Methodology for resolving direct kinematics

The methodology to address the problem of direct kinematitde presented, as follows. Given
that an apodal robot dfl modules and in the working poit given for the pair{Ag, A) we follow
these steps:

1. Check that the values @& andAg are within its range of definitionA € [0,90] and |Ag| €
[0,180. If that is not so, it is an invalid working point.

2. Check the validity op and the region of limitation in which it is found.

(a) If Ap > A@, whereAq is calculated in the equation 4.10 and has an approximate val
of 43.9 degrees, the working poiptis valid and is found within the region of limitation
l.

(b) If Ap <A@, then:

i. CalculateAmaxaccording to the equation 4.11.
ii. If A< Anaxitisavalid point situated in the region of limitation II.

ii. If A> Anaxitis aninvalid point. It will cause the robot to adopt a shape that will
collide with itself. There is a limitation in the geometry.

3. Check ifp belongs to the locomotion region:

(a) IfAp <A@, whereAgs is given for the equation 4.14,does not belong to the locomotion
region. Therefore the robot’s movement will not be staljcstiable and the step equation
cannot be applied.

(b) If Ap > Ags, p belongs to the locomotion region. Therefore the robot véildna statically
stable movement. The sign Afp will determine the direction of the movement.

4. Obtain the point My, a) equivalent in the shape space:

(a) ObtainM, by means of the equation 4.13.
(b) Obtaina from the equation 4.12.

5. Obtain the number of undulatiok$dy means of the equation 4.1.
6. Calculate the dimensiomsandw using the equations 3.37 and 3.38 respectively.

7. Calculate the stefix with the equation 4.1.

(a) If My < 3 the theoretic step calculated will not be valid. In thesewnstances the shape
of the robot implies that the distance between the suppantpwary with the phase for
which the step will depend on the surface and in general willbdetermined.



4.4. KINEMATICS 143

a) Height restrictions c) Step restrictions
h(0L,Mj)=cte Ax(Q,Mj)=cte
AQ AQ
— ]
My My
b)  Width restrictions d) Restriction F=cte and the
w(OLM, )= two regions that appear
et @M )=cte A0

-
Vv
o

My My

Figure 4.46: Restriction contour lines in the shape spaddeight b) Width ¢) Step d) The two
regions that appear when the restrictios- cteis applied

4.4.6 Inverse kinematics

The problem of inverse kinematics consists in calculatirggworking points in the control space so
that the robot moves according to the specified restrictidsswell as the control parameters, the
number of module$/ that the robot must have to fulfil these restrictions can beutated, if they
are not given initially.

First we will see the types of restrictions and the partiiicio sub-regions that are generated in the
shape space. Then we will analyse how to calculate the nuofbmodules of the robot, we will
formulate the proposed methodology to resolve the inverenkatics and finally we will show how
to apply this methodology using four problems as examples.

4.4.6.1 Restrictions

The restrictions employed are in the shapé& cf ¢, whereF can be any of the normalized functions
of height (eq. 3.37), width (eq. 3.38) or step (eq. 4.1) aiwda real constant. In the shape space they
are represented by means of contour lines. The points bielpihg them assure th&t (My,A) = c.
Each line partitions the spabe into two regionsF (My,A) < candF (My,A) > ¢ (Figure 4.46d). It
must be taken into account that these lines specify thectsirs for one undulation only and using
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blocks with a distance between joints equal to |, theref@fete using them it will be necessary to
normalize the value of the constant.

In the figure 4.46 the curves of the height, width and stepiotisins are shown within the shape
space. The 3 dimensional representations of the functibheight, width and step were presented
in the figures 4.28, 4.31 and 4.36.

4.4.6.2 Number of modules M

The previous restrictions allow us to define the workingeegiformed by the pointdM, a). With
problems of inverse kinematid4 could be a fixed constant or it could have to be calculatedh&o t
first case comes from an apodal robot constructed Mithodules and where the control parameters
need to be known so that it moves with the imposed restristitmthe second case it is necessary to
determine the number of modullkthat has to have to satisfy these restrictions.

In both cases we will always use the criteria of stability béaonM from My. For this reason, at least
two undulations must exisk(> 2). Given thatM is a whole number anMl, is real we will use the
following expression:

M = Round2M,) (4.15)

whereRound) is the function which rounds off the ratio to the next wholener.

WhenM is not specified, in general it is considered a value betvivdgn and aMmax. These values
are obtained fronM,, ., andMy,,, respectively using the equation 4.15.

The maximum and minimum number of modules per undulatiohbgithe maximum and minimum
abscissas of the poin{M, a) of the working region. The value &, can never be lower than 2.5,
by the principle of minimum number of modules (section 4.23).5

4.4.6.3 Methodology for resolving the inverse kinematics

The general methodology proposed for resolving inverserkitics is:

1. Take the constant of the restrictions of the dimensiotisestep ) and normalise itc, = c/L.
As we are using module type blocks the distance betweersjaiht (table 3.1). In the case
that a width is specified as a restriction, this constantbellcalculated as, = ¢/kL wherek
is the minimum number of undulations. There will have to beast two undulationk(> 2).
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Problem 1 Problem 2
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Figure 4.47: Shape spaces with the solutions of the probleamsl 2

2. Obtain the curve of restriction given fér = c,, whereF is the function that gives the step,
height or width. The shape space is partitioned into the ®gions:F > ¢, andF < ¢,. We
call the working region the one which fulfils the restrictioithe problem to be resolved.

3. Obtain the range of values bf. In generaMe (Mmin, Mmax) Will be fulfilled. To calculate it
the maximum and minimum abscissa of the work aMg;  andM,,,.,, and then the equation
4.15 must be applied to obtaimin Y Mmax respectively.

4. Obtain the locomotion region. The maximum value of themssa M, that borders this region
is calculated as:

(@) If M is a known: theMys=M/2.
(b) Ifitis desired to use the minimum number of modules, thiga= Mm;n.

(c) Ifitis desired that the robot has the maximum number oflntes therM,s = Mmax.

5. Obtain the solution region as the intersection betweemtirking and the locomotion regions.
It will be the region ofh; in which all the imposed restrictions are verified. This cggtould
be: a point, a straight line or a surface.

6. Carry out the inverse transformation of the solution@agirhe points of the control space that
belong to the transformed solution region will be the solugilooked forAg, A) that fulfil all
the restrictions. The inverse transformation of a péii, a) in anotherAg, A) of the control
space will be carried out by means of the equations 4.13 drit] 4.

4.4.6.4 Example problem 1

Problem statement: Decide the minimum number of modules for an apodal robot abitimoves
with a height greater than or equal to H.
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Solution: A restriction in height i > H) is being imposed and the value Mf is not given, but it
has to be the minimum. Applying the resolving process:

=

. Calculate the normalized height;, = H /L.

2. Obtain the working region imposed by the restrictiolr Hy. It is shown on the left side of
the figure 4.47. All the points of this region make the robovmwith a height greater than or
equal to that specified.

3. While there does not exist a maximum value for the numberadules, there is a lower value
for whichM > Mmin. The lesser abscissa of the points of the working regidv,js, (figure
4.47). From itMp;n is obtained.

4. The locomotion region is given ylys = My, ..
5. The intersection between the locomotion and the worléggns is the solution poiriMy, .., o).

6. Applying the inverse transformation the solution pgip, A) is obtained in the control space.

4.4.6.5 Example problem 2

Problem statement: Given a robot of M modules, find the values of A &gso that it moves with
the maximum step.

Solution: A restriction of the step is imposed (that is maximum) andrthmber of moduleM is
known.
1. There is no specified constant so nothing is done in this ste

2. Itis known that the step is maximum for the maximum values ¢see figure 4.36) therefore
the working region is the curve = amax (€q. 4.6).

3. M is a given data, there is nothing to be done in this step.
4. The locomotion region is given Bylys= M/2.

5. Theintersection between the locomotion and the worléggns is the solution poiriM /2, a).
The value ofo can be obtained ast = omax(M/2).

6. Applying the inverse transformation the solution pgihg, A) is obtained in the control space.

4.4.6.6 Example problem 3

Problem statement: Find the values AA@ and M so that the robot can move along the inside of a
tube of diameter D
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Control space Shape space

h>Hn

h<Hn

Figure 4.48: Shape and control spaces with the solutioristpitoblem 3

Solution: In this case the restriction is given by the condition that tbbot’s height must be less
than the diameter of the tubk:< D. There are no restrictions on the number of modules. Thestag
to resolve the problem are as follows:

. Calculate the normalized heiglit;, = D/L
. Obtain the region of the shape space wiereD is fulfilled (Figure 4.48).

. No maximum value exists for the number of modules, butethea minimum one for which

M > Mmin. The minimum abscissa of the working region isMig = 2, but by the principle of
the minimum number of modules we haveMg,_ .. = 2.5 and thereford! > 5

. As no restriction is fixed foM, any value greater than or equal to 5 will be valid. In thisecas

a generic locomotion region given ff,s = M /2 will be taken. If it is desired to calculate the
robot with the least number of modulbks = 2.5 be taken.

. The intersection between the locomotion and the workaggon is the same working region.

If in step 4 a minimum number of modules have been chosen fthen the solution is the
point (M., o). Let’s call it as pointp;.

. Realise the inverse transformation of the working regibime control region is obtained with

the points(Ag, A) that fulfil the initial established condition (Figure 4.48)

4.4.6.7 Example problem 4

Problem statement: Calculate the parameters Ag and M so that the robot’s step will be greater
than or equal to S.

Solution: There is a restriction in the stex > S. The stages are:
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Control space Shape space

o ® 6
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Mumin
Figure 4.49: Shape and control spaces with the solutioret@tbblem 4
1. Obtain the normalized stefs; = S/L
2. Obtain the region of the shape space whierg S, (Figure 4.49).
3. The minimum number of modules is given for the point of therking region with the least

abscissa. This allows us to calculdg ._andMmin. Therefore the number of modules will
have to fulfilM > Mmnin.

min

4. The same as in problem 3, the locomotion region for therjeoase can be calculated, making
Mus= M/2 or calculating it for the minimum number of modules, takMgs = M.

5. The intersection between the locomotion region and thriwg region will be either the point,
which is the solution poinfMy,,,., &), or the same working area, according to the valuslgf
chosen in stage 4.

6. Realise the inverse transformation of the working regibime control region is obtained with
the point(Ag, A) that fulfils the initial condition established (Figure 4)48 will be the solution
pointP; or rather the complete transformation of the working region

4.5 Case of study

In this section we are going to apply all the ideas developdtlé chapter to study the wired model
of an 8 module robot. The constants and the range of valudwegidrameters are calculated when
M = 8, and the shape and control spaces are obtained as well lasdngotion region. As example
three different working points are calculated and the staaqukproperties of the robot are shown in
each one of them.
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| Parameter | Description | Range or value ]
M Number of modules M=8
|Ag| Phase difference |Ag| € [45,180
My Number of modules per undulation My € [2,8]
k Number of undulations ke 1,4
Amax Maximum amplitude of the generators 90
A Generator’'s amplitude A€ 0,90
Qmax Maximum winding angle ﬁ <1176
o Winding angle a Gu [0, O'may
Mus Border of the locomotion region im 4
Ags The limit of the locomotion region ikl Ags=90.
L Module length 7.2cm
d block length d=L
do length of the Left arm of the block do=1L/2

Table 4.2: The parameters and their range of values for thedwnodel of an 8 modules discrete
apodal robot.

4.5.1 Range of values of the parameters and constants

In the table 4.2 the values of the calculated parameters @amstants for this case study are shown.
The values oM, andk are obtained from the table 4.1 fibr = 8.

4.5.2 Shape space

The shape space is shown in the figure 4.50. Also the aspdwt obbots for some selected working
points and for the phasg= 0 have been drawn.

Given thatM, is between 2 and &/, < My, is always verified, therefore in the shape space only the
region of limitation | exists. There are no geometric liidas. From the equations 4.6 and 4.7 is
obtained the maximum value 90 for the amplitude and for thredimig angle:

45

Omax= ———~
sm(M—"u)

that will always be strictly less than 120 degrees. The marinvalue of this winding angle is had
for My = 8 and its value is 117 degrees.

4.5.3 Control space

The control space is shown in the figure 4.51. Itis a rectanglethe base situated betweAmp = 45
and 180 degrees and the paramétbetween 0 and 90.
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Figure 4.50: The Shape space of an 8 modules discrete apmdtdl r
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Figure 4.51: Control space of an 8 modules discrete apotaltro
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Figure 4.52: Locomotion region in the control and shapeapatan 8 modules discrete apodal robot
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Figure 4.53: Situation of the selected working points inghape and control spaces

The minimum value fotAg| is 45 degrees. It is calculated from the equation 3.40 syiegift for
k=1andM = 8. If a smaller value is used, the robot will not have a congpletdulationk < 1) and
the equations introduced in this chapter will not be valid.

4.5.4 Locomotion region

The locomotion region for the shape space is determindd Ry= M/2 = 8/2 = 4. For the control
space, applying the equation 4.14 giveg, = 90. The locomotion region of the spadesandH;
have been drawn in the figure 4.52.

4.5.5 Working points

Three different working points have been selected. Theglaoe/n in the figure 4.53 and are summed
up in the table 4.3. In point 1 the robot has a maximum heigtitis point is found outside the
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|Working point | (My,a) | (AD,A) | Height (cm) | Width (cm) | Step (cm)| Description |

Point 1 (8,117 (45,90 [20.7,23.8] 112 Unstable | Maximum height
Point 2 (4,64) (90,90 [6.5,11.2] [20.4,20.8] 8.4 Maximum step
Point 3 (4,288) | (90,40.7) [3.5,5] 27 1.8 h < 5cm

Table 4.3: The three selected working points for an 8 modiikksete apodal robots

®=-110

£ £

=-90
o e L = ®@ ¢ |3 (unstable)
o mMm
o~ o~

(Stable)

o=-110 : ¢ 3 4
(Unstable) : y Working point 1

Figure 4.54: Dimensions of an 8 modules discrete apodaliiokibe working point 1

locomotion region therefore it is an unstable configurationvalid for the movement. Point 2 in
which the robot moves with the maximum step and in a stableen&éhally, point 3 is calculated
applying inverse kinematics so that it can move along thielénsf a 5cm diameter tube and with the
maximum step.

4.5.5.1 Point 1: Maximum height

The robot’s shape and dimensions in working point 1 are sHowine figure 4.54, for the phases
of —90 and—110 degrees. The height is maximum in the phag40 degrees. As it deals with a
discrete robot, the height varies with the phase. The maxiwvariation is of 31cm, that represents
13% of the maximum height. The width does not vary and haswewafl 112cm for all the phases.

It is observed that for the phase0 degrees the robot is stable. The projection of the cefitreags
falls within the supporting segment and therefore the ralm@s not tip over. Nevertheless, in the
phase of-110 degrees it is not stable and would overturn. At this pibiatcriteria of stability is not
being fulfilled.
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Figure 4.55: Dimensions of an 8 modules discrete apodaliiokibe working point 2
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Figure 4.56: Application of the inverse kinematics for tladcalation of the working point 3, in which
an 8 modules discrete apodal robot is able to move througimsicee of an 5cm diameter tube

4.5.5.2 Point 2: Maximum step

The work point 2 is calculated in such a way that the robogg still be the maximum. The shape
and dimensions are shown in the figure 4.55. The maximum h&gbhached for a phase ef135
degrees and the minimum 90 degrees. The difference is af7f8m which represents 36% of the
maximum height. The width hardly variesi0cm (2% of the maximum width).

The robot’'s movement is statically stable as at every motihené are at least two supporting points.

4.5.5.3 Point 3: Movement through the inside of a tube

Point 3 is that which allows the robot to move along the ingifla tube of diameteb = 5cmand
at the same time the step will be the maximum. We will calalaby applying the methodology
proposed in the section 4.4.6.3:
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Figure 4.57: Comparison between the working points 2 and 3

=

. Calculate the normalized height, =D/L =5/7.2=0.69~ 0.7

2. The region that satisfies the restrictior: Hy, is shown in the figure 4.56. The curve C is the
limit of the working region.

3. M =8is agiven data.
4. The locomotion region is that in whidys=M/2=8/2=14.

5. The intersection between the working and the locomoggions is a vertical line with abscissa
My = 4. All the points of this straight line are solutions of theplem. As we want the solution
in which the step is maximum, and the step for a fixdgdincreases withx, the solution is
found in the intersection between the locomotion region tlwedcurve C. It will be the point
(My,a (My)) = (4,288).

6. Carrying out the inverse transformation of this pointsb&itionP; = (90,40.7) is obtained.
In the figure 4.57 the points 2 and 3 are compared. The shape same, aMu is equal in both
points. The difference is due to the point 3 where the windingle is less which causes less height

and a greater width. It can be observed that in the worst gase;- 135, the maximum height of the
robot fulfils the restriction of being less than or equal to 5.

The step in point 2 is of @ cm and in point 3 of B cm.

45.6 Locomotion

The locomotion of an 8 module discrete apodal robot for aecischown in detail in the figure 4.58.
Fifteen different phases have been represented. Theatiffshapes of the undulations can be seen
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and in all of them there are always two supporting points tha&ns that the locomotion is always
statically stable. Also it can be seen that the robot’s heighies while its width remains practically
constant. At the end of the cycle the robot has advanced andistequal to 8.4 cm that represents
40% of its width in this working point.

4.6 Principles of locomotion

The locomotion of the discrete apodal robot when sinusaiéalerators are used have been sum-
marised in the following 11 fundamental principles:

10.

. Sinusoidal generators principle An apodal robot oM modules with pitch-pitch connec-

tions in which each one of the joints oscillate periodicaifyng sinusoidal generators with an
amplitudeA and a phase differendsp, is capable of moving in a straight line.

. body wave principle. The mechanism of locomotion of an apodal robot controllgdibu-

soidal generators is owing to the appearance of a body whaesravels along the robot.

. Direction of movement principle. The direction of the displacement of the robot will be equal

to that of the body wave. If the wave is propagated from tHedahe head, the robot will move
forwards.

. Shape characterisation principle The body wave that appears during locomotion is of ser-

penoid type and is characterised by the parameters windigig @ and number of undulations
k.

. Stability principle . The locomotion of the robot is statically stable if therdyoexists at least

two undulations that move through the robot, hekce?2.

. Step principle. The distance travelled by the robot during a cycle, calkeg,sis directly

proportional to the difference between the length of an latthn and its wavelength.

. Amplitude control principle . The robot’s height and step directly depends on the angditu

A of the generators. The greater the amplitude, greater withb height and the step.

. Phase difference control principle The shape of an undulation and their numb&mdepend

on the phase differendsp of the generators.

. Symmetry principle. The sign of the phase differentg determines the robot’s direction of

displacement. Two movements with the same absolute VyAlpebut of a different sign will
be exactly equal, but realised in opposite directions.

Generators in phase and opposition of phase principlelf all the generators are in phase
or in opposition of phase, wave propagation will not exidd gmerefore there will be no robot
locomotion.
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11. Minimum number of modules principle. The minimum number of modules required for an
apodal robot to move in a statically stable way is five.

4.7 Conclusions

In this chapter the problem dbcomotion in one dimensionof apodal robots of thegitch-pitch
group has been exhaustively studied.

The continuous model has been employed to understand tbemtimn of these robots, indepen-
dently of the number of modules. Therefooaly by the parametersa andk the shapes the robots
adopt when they move and their locomotion properties are spafied. The conditions that must be
fulfilled so that the movement is statically stable have tstated and an equation proposed to calcu-
late the step. With this the necessary relationship betwlesekinematic model and the mathematic
one has been established.

From these concepts of the continuous model the discretelnmad been analysed. The new pa-
rameters that appear have been identified, and their ranggdads and limitationsUsing the idea

of shape space has been proposed to represent the robot’s Wwarg points, from the number of
modules per undulatioll, anda. For each one of these points the robot will have a heightthwid
and step.

We also proposstudying the kinematicsof these robotby means of transformations between
the control spaces and the shape spacedVith this method not only is a compact representation
obtained, but also the problems are simplified. The step andrtsion restrictions are expressed by
means of regions within the shape spaces.

The methodologies to resolve the direct and inverse kinemis by means of simple steps have
been proposed Examples of how to apply these methodologies to resolva pucblems as the
maximisation of the robot’s stepor to calculate its control parameters so tlhaiin move along the
interior of a tube have been presented.

The study of locomotion has been done generically for alfaingly of robots of the type pitch-pitch
of M modules. As example of applicationcase study of an 8 modules robdtas been presented and
numerically results obtained that are contrasted in thptelh@an experiments with the measurements
realised in the simulations and the real robot.

The model of apodal robot locomotion proposed allows us ttetstand the locomotion, establish
parameters and carry out a priori calculations to prediet havill move to satisfy the restrictions
imposed by the environment. What has been accomplishedeigplain the locomotion related to
the displacement of a robot with the parameters of the genetars.

Finally, all the ideas have been summed up in 11 fundamental principtgsection 4.6) that permit
us to understand the apodal robots’ locomotion controliesibusoidal generators.
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Chapter 5

Two-Dimensional Locomotion

“The most exciting phrase that one can hear in science, thatianes new discoveries, is not ‘Eurekal!’ but
‘This is strange..."”
—Isaac Asimov

5.1 Introduction

In this chapter we study the locomotion of apodal robots efghlich-yaw group when the model of
sinusoidal oscillators presented in the section 3.5 aré aseontrollers.

We start by stating the problem of 2D locomotion and we prepdm a general viewpoint, a
methodology to resolve it, with direct and inverse kinewsti Following this we describe the 8
gaits that have been found and we summarise the restridgtiahsharacterise them. Then we study
in detail each one of the methods of locomotion, analysirglyithe continuous then the discrete
model. We apply all this to a case study of an 8 module robdtwlihbe used in the chapter of
experiments to confirm the validity of the models. Finally sten up the most important ideas in 11
principles of locomotion.

5.2 Problem of 2D locomotion

5.2.1 Approach

The aim is to resolvéhe problem of co-ordination so that apodal robots can move over a two-
dimensional homogeneous surface without obstacles, tissngnodel of sinusoidal oscillators pre-
sented in the section 3.5.

159
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Figure 5.1: Scheme to address the two-dimensional locemg@tioblem

We will study it in a general way so that it is applicable to apodal robot oM joints, whereM

is greater than an established minimum number. We model #gethree-dimensional continuous
curves that vary their shape with the phase, which we cafiaal waves. These appear as superpo-
sition of the two waves that are applied to the vertical andzoatal joints. Therefore, they will be
characterised by the parameters of shape spaas dimensions equal to 5. They am, ap, ky, ki
andAaqy, (section 3.6.4.2). Each point b represents a different corporal wave that is propagated
when the phase varies. Of all of them, only some are valid and will cause thtgot to move.

5.2.2 Outline

The scheme proposed to address the problem is that showa figitine 5.1. Each gait of the robot is
associated to a subspageof hy, that will have a dimension less than or equal to 5 that wedsl|
grees of freedomof the movement. The subspaagsre characterised by their parametric equations
that establish relationships between their parametersestidct their dimensions, determining their
degrees of freedom.

In all the working point9 € g; the robot will move using the same gaifl he dimensions of the waves
and the robot’s kinematic parameters will depend on thetpbiosen. We will use the notatidg(p),
ly,(p), hi(p) to specify the dimensions of the corporal wave am_)c{p), Ayi(p) for the kinematic
parameters (variation of the position vector and its odgah in a cycle). Each gaithas its own
subspace; and equations.

To illustrate these concepts we will take as an example theement in a straight line, that was
studied in chapter 4. It is associated to the subsggacét is characterised by the restriction that
horizontal waves do not exist therefoog = 0. The parameterk, and A@,, are not used in this

movement therefore we can also equal them to zero. Its dioeiss therefore, equal to 2 which
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means it has two degrees of freedom. The pointg wfill be the pairs(a, k), wherea is the winding
angle of the vertical wave aridits number of undulations.

5.2.3 Methodology employed

The methodology employed to solve the problem of locomdtidD is summed up by the following
stages:

1. Find the gaits.

2. Characterise the subspageassociated to the gaits found.

3. Confirm the simulated results with real robots.

4. Obtain the equations of the dimensidngp), ly, (p), hi(p) for each subspaag.

5. Obtain the equations of the kinematic parame]x_)ﬂso) andAy(p) for each subspaag.

6. Resolve the problems of the direct and inverse kinemati&cproposed in the section 5.2.4.

5.2.3.1 Search for the gaits

What is required is to explore the control space to find défférvarieties of movement. For this,
search techniques have to be employed. The solution adoptei$ thesis has been to ugenetic
algorithms. The advantage they offer, compared to other techniqudsasisimulated annealing, is
that as a result a population of individuals is obtained, iantldifferent types of movement can be
found. We are not looking for best optimum movements thatimmse a cost function, but to detect
families of solutions.

The search space employedHs, of 5 dimensions. As an evaluation function the step is used,
rewarding the individuals that move with a bigger step, i direction indicated. All the robots are
initially situated at rest on thry plane, with their longitudinal axis coinciding with thxeaxis. The
evaluation functions employed have been the step in thés (Ax), in they axis (Ay) and the rotation
around thez axis (Ay), for robots with a fixed length of 32 modules. More details ba found in the
appendixB.

For the implementationsimulator has been developed (section 7.2.5), based o®gwen Dynamics
Engine(ODE). The evaluation functions take the initial positidittee robot’s centre of mass (angular
or lineal position), waiting until two cycles of simulatidrave elapsed, the final position is obtained
and the movement vector is calculated (or angular in the afigsation). To ensure that the robot is
in a stable situation, of permanent regime, the first twoayalre discarded, starting to measure from
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the third. The robots which have a longer step during thefdgltg two cycles are rewarded. The
frequency of the oscillators is fixed at the same value fahallindividuals.

So, for example, to find the different gaits in the directidry axis, the stef@\y is calculated and the
individuals that move furthest in this direction are reweddIn the final population various families
of individuals with different movements appear. Some wittesvinding, others with an inclined
sideways movement and others that roll.

For other types of movements, such as moving in a circuldr, pasts have been realised. From the
movement in a straight line, whose parameters are known,ds$essed if the same movement is
viable when the angle of the horizontal joints are changed.

5.2.3.2 Characterisation of the subspaces

Once the candidates for the gaits are found, they are transfbinto shape spade and the re-
strictions are looked for that meet the parameters so teanthvement can be carried out. For some
movements these relations are not obvious, for exampleiodke of an inclined sideways movement.
The observations of the mathematical model of the wave nmaisbmbined to obtain conclusions.

Finally from this step the parametric equations are obththat characterise the subspace.

5.2.3.3 Confirmation

The subspaceg obtained are confirmed by means of the simulation and aredtest real robots.

It is necessary to prove that they are valid for robots witiedent number of modules (and not
only for 32 that is the value employed in the searches) antivthan the working point varies the
movement continues to be of the same type but with other dsilmaa and kinematic parameters. If
these criteria are not fulfilled, the movement is rejecteith\tfiis we ensure that the subspace really
does characterise that type of movement, independentlyeo€hosen number of modules and the
working point chosen.

5.2.3.4 Obtaining the equations

Finally the equations are obtained to calculate the dinomssand the kinematic parameters of each
one of the gaits. The dimensions of the three-dimensionab\aee calculated from the mathematical
model or by means of approximations such as the flat wavedsesi3.4).

The calculation of the kinematic parameters depends on dite he equations can be obtained
by means of geometrical methods, as was done in the seco® when calculating the step of
locomotion in a straight line or deriving them from the studyheir dynamics.
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Figure 5.2: Inverse and direct kinematic scheme for thenpyw robot group

5.2.4 Kinematics

The generic stages are proposed that have to be carried msdive the problems of the direct and
inverse kinematics. The equations of characterisatiom®fstibspaceg and the equations of the

dimensions and of the kinematic parameters for each onesaf tire known. The outline is shown
graphically in the figure 5.2.

Chapter 4 studied in detail how to resolve the kinematicgHfersubspace associated to the gait in a
straight line. This section presents the stages in a gewesalabstracting the degrees of freedom of
the movement.

5.2.4.1 Direct kinematics

Problem statement Given a pointP of the control spacél, that determines the parameters of the
sinusoidal generatorg\(, An, A, A@h, A@,n) determine the gait, its kinematic parameters and
its dimensions.

We call space to the union of all the subspacgs The stages are:

1. Transform the poir® of the control space to a shape space (ppjntising the equations 3.45
and 3.46.
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2. If pis NOT ing it is an invalid point. These parameter values are wrong andat cause
movement in any of the foreseen gaits.

3. If pbelongs tayit will be a valid point. Establish the subspageo which it belongs, testing to
see if it fulfils the equations that characterise it. Withstivie will know the gait that the robot
makes.

4. Apply the equations of the dimensiokg p), ly, (p), hi(p) and of the kinematic parameters
Ari(p) andAy (p).

5.2.4.2 Inverse kinematics

Problem statement Given some restrictions in the kinematic parameters arid/thre robot’s di-
mensions, and with a known gait, find the parameters of thergséors that must be applied.

The general stages are the following (figure 5.2):

1. Obtain the spacg associated to the gait.
2. Apply the restrictions and partition to the subspgcéVe will call the solution space as

3. Carry out the inverse transformation of the solution sgawith which we obtain the subspace
Swithin the control spackl,, which is the answer to the problem.

5.3 Gaits

5.3.1 Solutions found

Eight different gaits have been found grouped into the following five categories: movement in
a straight line, circular path, rolling, sideways movemandl rotation (figure 5.3). The sideways
movement can be carried out in three ways: normal, inclimetfeEapping (or rowing type). There
are two rotations, as an “S” and as a “U”, according to the shthpt the robot adopts during its
movement.

Of all the movements foundhree of them are new and have not been previously studied or
implemented by other researchersas far as we know. They are the movements of inclined sideway
and the two kinds of rotation.

Movement in a straight line for the pitch-pitch type has been amply covered in chapt&hé.robots
of the pitch-yaw group are equivalent to the former when thrézlontal joints remain in their position
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Figure 5.3: Locomotion gaits for the robots of the pith-yawup
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of rest. All the principles already studied are appliedclite For the calculations it is only necessary
to have in mind that the blocks have some different pararsdtandd, (section 5.4).

The movement in a circular path allows the robot to carry out turns of a defined radius. The
mechanism of movement is similar to that of locomotion inraight line but the turning angle of
the horizontal joints remains fixed at a constant value diffeto zero so that it adopts the form of a
circular arc (section 5.5).

The rolling movement means that all the modules rotate around a corporal axismgadkie robot in

a direction perpendicular to the longitudinal axis (set#06). The robot adopts the form of a “U”
and rolls. This gait is very useful to recover the originaéatation of the robot in case it overturns.
For example, if it carries a camera in its head and overtitrnsll recover the correct orientation by
rolling.

With the sideways movementhe robot moves toward one of its sides maintaining paritiébngi-
tudinal axis (section 5.7). It encompasses three gaits.pfineipal one, in which the robot moves
sideways undulating the body. It is similar to the movemeatenby some kinds of snakes when
moving across sand, known by the term side-winding. Thersk@theinclined version. It is the
same movement, but this time the modules are rotated an imnglkation to their body axis (section
5.7.8). The third idlapping in which the robot adopts the shape of a slightly curved “Ud dime
extremes perform circles. The supporting points of theesm&rs and middle alternate to produce
movement (section 5.7.9).

The final category is made up of twotation movements that allow the robot to change the orien-
tation of its longitudinal axis. One is rotation in the shapan “S” (section 5.8), and is similar to the
principal sideways movement, but rotating instead of mgvin the other the body adopts alternately
the shapes “U” and inverted “U” (section 5.8.7).

5.3.2 Classification according to waves

The different gaits are generated by means of the supeiqosit the waves applied in the vertical
and horizontal joints. They are of two types, serpenoid mutar. In the figure 5.4 the different gaits
are shown in function of the waves used in the vertical anézbotal joints.

We denote the three-dimensional wave by the union of twergttthat correspond to the types of
two-dimensional waves used. In total we have four types elsaSSs, SC, SR and CC.

5.3.3 Characterisation of the subspaces;

The gaits found together with the restrictions of their agsed subspaces, the parameters, the
type of wave and the degrees of freedom have been summedhgpfigtre 5.5.
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Figure 5.4: Gait classification according to the waves &pidh the vertical and horizontal joints

Locomotion gaits Parameters o?fei':::m Wave Restrictions
Oo,.= o kn=k,, =k
Normal sideways movement (OL,k) 2 SS h Ah v
ay—o [A®,|=90
=(Qlcos =(Qsin
Inclined sideways movement ((}_,k,B) 3 SS ah B a" o ﬁ
Kn=ky=k Ad,, [—0
S-Shape rotation (0L,k) 2 sS a,=a Kn=k A®, =0
oy, —0 ky =2k
U-shape rotation (OLK) 5 sc Op=0  ky=k
oy —0 [Ad, =90
Circular path (av ky ah) 3 sC Curva circular
Straight line (OL,k) 2 SR a,=0
Rolling a 1 cc a,=0,=0 ‘A(Dvh‘=90
a >0’min
Flapping o 1 cc 0, =0, =00 |A®,|=00
a >0'min

Figure 5.5: Summary of all the gaits with their parameterpetof wave, degrees of freedom and
shape subspace restrictions
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In all types of movement the three-dimensional wavitaitened, because it makes the parameter
much greater than the, or because the wave itself is flat. For this reason, the shiaihe cobot is
approximated by a two-dimensional wave on Hyglane that in general needs two parameters for
its description:a (that is its winding angle or the angle of the arc) and the nematb undulationk.

The dimensions of this wave are approximated by the horétavave, which is known. It will be a
serpenoid or a circular wave.

The gaits of normal sideways movement, in a straight line thedtwo types of rotation have two
degrees of freedom, denoted by the parameateamdk. According to the type of movement, the
parameters will have different meaning. In the case of nbeid@ways movemerd indicates the
winding angle of the horizontal wave, that is to say, the shityat the robot’s body has during the
movement andk is the number of horizontal undulations. It is the same aséndase of rotation
in “S”. For the rotation in “U”, a is the angle of the horizontal arc akdhe number of vertical
undulations.

The rolling and flapping gaits have only one degree of freediven fora, that represents the angle
of the arc that forms the body. As they are circular waves drampeterg, andk;, are zero.

The movements with the greater degree of freedom are thelairpath and the inclined sideways
movement. In the first the winding angle and the number of latunsk are needed for the vertical
wave, which, as in the one-dimensional movement, definedthetis step and shape. A third param-
eter is needed to specify the angle of the arc of the path.dimitlined sideways movement, as well
asa andk it is necessary to specify the angle of inclination.

5.3.4 Stability

The stability of each one of the movements is studied in ttairesponding sections, nevertheless, a
criterion exists that is valid for althe application of a flat wave

If the component that is applied in the vertical joints haseameteir very much smaller than that
of the horizontals, then the centre of gravity remains vergrrio the ground and the movement will
tend to be stable with independence of the number of supmggpbtints on the ground.

When a flat wave is applied, the robot’s shape approximattstovhich it has due to its horizontal
joints. What is more this allows the calculation of its dirsems from the horizontal wave.

Principle of the plain wave In general the stability of all the movements is obtainedinmthe pa-
rametera of the vertical wave very small in comparison to that of thezmtal one. In this
case, the three-dimensional wave is “flattened” and the tisbdimensions can be approxi-
mated by the horizontal wave.
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5.4 Locomotion in a straight line

5.4.1 Description

The apodal robots of the pitch-yaw group move in a straigid In a similar way to those of the
pitch-pitch group. To obtain this movement, the horizojdaits must be in their positions of rest,
with their angles of turn at zergyf, = 0) and a serpenoid wave is applied in the vertical joints.

All of the equations, principles and methodologies presgirt chapter 4 for the pitch-pitch group of
robots are valid also for the pitch-yaw group. For this it testaken into account that these robots
are formed byM /2 blocks of pitch type (section 3.3.4) and that the pararseteaindd are nowl /2
and 2_respectively (see table 3.1).

The difference between both groups is in the geometry. Thb#ge pitch-yaw group are not sym-
metrical with respect to their geometrical centre neithrerthe blocks of the pitch type. In these the
left arm has a length df /2 and the right of B/2. In the pitch-pitch group both arms have the same

length C/2).

5.4.2  Stability

The criterion of stability is the same as for the pitch-pitglbup of robots. The movement will be
statically stable if there are at least two undulatidgsX 2). In the figure 5.6 the locomotion of a 20
module robot of the pitch-yaw group is shown. Only the veiltjoints are represented. The horizontal
modules have been drawn in another colour. In all the ph&ases are at least two supporting points
for which the locomotion is statically stable.

In the figure 5.7 the locomotion of a 16 module robot has beawdwherk, is less than 2. The robot
advances, but during the transition between phase® andg = —90 there is only one supporting
point which causes the robot to incline backwards.

The principle of minimum number of modules, in the case ofgheh-yaw group of robots has to
be verified for the vertical joints. The robot will have to leaat least 5 vertical modules. Therefore,
these robots will have to have as a minimum 10 modules (5c&rti 5 horizontal).
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Figure 5.6: Statically stable locomotion of a twenty modwdpodal robot of the pitch-yaw group
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Figure 5.9: Robot shape when moving along a circular patpegosition of a circular curve and a
serpenoid wave

5.5 Circular path

5.5.1 Description of the gait

When a circular curve is superposed on the horizontal jaints a serpenoid wave in the vertical
ones the robot moves following a path in a circular arc withadius of turnr (figure 5.8). The
circular curve in the horizontal forces the projection o thbot on thexy plane to be a circular arc.
The propagation of the serpenoid wave for the verticals gites the movement in one direction or
another of the arc.

The movement has three degrees of freedotk( ay):
 a: Winding angle of the vertical serpenoid wawe=ay € (0,120

* k: Number of undulations in the vertical serpenoid wave- k, > 1

* ap: Angle of the horizontal circular ar¢ay| € [0,360

5.5.2 Robot shape

The robot’s shape is a serpenoid wave that is “bent” in thenfof a curve. In the figure 5.9 the
circular curve is shown, the vertical serpenoid and the asition of both, for three different phases.
The wave is propagated for the length of the circular patisicathe robot's movement.
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Figure 5.10: Path orientation according to the sigapf

5.5.3 Paths

The circular path that the robot follows is determined by thdius of the turrr. For a circular
curve of lengtH, this radius is given by the equation 3.47. Given that in thiwal joints there is a
serpenoid wave, its projection in tg plane has a length equal to its width In addition his width,
as well, as seen in section 4.2.4.2, does not depend on theamwhundulations, but only on the
winding angle. Therefore, the path that the apodal robdtvied has a radius of turngiven by the
equation:

w(ay) 180 (5.1)

r ==
h T

whereay, is expressed in degrees anith the same units as.

The path depends only on the parameteranday. The sign ofan, determines the orientation of
the path (figure 5.10). Wheum, is positive the curve has an orientation (concave or convéx)is
negative it has the opposite orientation. When it is zerantbgement is in a straight line, as in the
section 5.4.

Given an orientation, the radius of turn depends on the satdie, anday. In the figure 5.11 the

paths for different values of its parameters for an apodabrof constant length are shown. The

radius of turn (eq. 5.1) is inversely proportionaldg and directly proportional to the width of the
serpenoid, which diminishes with the increaserp{section 4.2.4.2).

The minimum value of the radius is obtained foy = 360 degrees and, = 0. In this situation the
robot has the shape of a circumference of ratli@st. Foray > 0, the circumference does not get to
close because its projection length will wethat is less that). In this ring configuration the centre
of turn is the same as that of the circumference and the roitldtmn around it.
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Figure 5.11: Three different paths for some values ofathenday, parameters

5.5.4 Stability

5.5.4.1 Ciriterion of stability

For the analysis of stability we need to know the supportiotnis of the robot in function of the
phase and of the parameterg, ay andk,. For the robot to be stable in all its phases it must be
verified that there are at least three supporting points hagtojection of the centre of mass lies
within the polygon formed by these points.

Principle of stability If the number of vertical undulations is greater than or etjoe8 (k, > 3) then
the movement of a continuous apodal robot in a circular patstatically stable.

The demonstration of this principle has been made in nunfieria for all the range of values of
ap and ay with a resolution of one degree. For each pair of valimsay,) the co-ordinates of the
supporting points and the centre of mass have been obtainddt has been verified that the robot’s
the centre of gravity fulfils the condition of stability.

In the figure 5.12 the projection of the robot’'s shape onxplane is shown, the polygon of sup-
porting points and the centre of mass for different valuegpnday in the three phases of -90, 0
and 90 degrees. The most critical phasg is —90. In it the centre of mass is very near to one of the
lines of the support polygon. When the wave moves, the polygoies, making sure that in all the
phases the centre of gravity falls inside it.
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Figure 5.12: Supporting polygon and the centre of mass opadal robot withk, = 3 for different
values of thea, anday, parameters

5.5.4.2 Stability fork, < 3

When the principle of stability is not fulfilledk( < 3), there are not always three supporting points,
therefore the robot will incline to one side or the other. Plagameters,, a, andk determine the
nature of the oscillation, with the possibility that the eblwvill fall over. In the figure 5.13 a robot
with ay = 45 anday, = 90 withk, = 2 has been represented. The phase —90 is stable. There are
three supporting points and the centre of gravity falls imitithe supporting polygon. Nevertheless,
when the wave is propagated there are only two supportinggolit happens for the phases= 0
and @ = 90. In these situations the robot will incline until there @ame or more new supporting
points. The supporting points in these phases are diffefidnis means that the robot sways while it
moves.

Therefore in the cases in which the principle of stabilityas fulfilled (ky < 3), the robot’s movement
in a circular path is possible, but not for all the valuesxgfanday,. There will always be oscilla-
tions in the movement that can be attenuated reducing that’saieight to achieve better stability.
Nevertheless, when this is done the robot’s step is reduced.

5.5.5 Discrete robot

Inthe discrete model limitations in the values of its partarseappear. We will calculate the minimum
number of modules necessary to carry out the circular moueine statically stable way and the
limitations in the ranges of its parameters.
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Figure 5.13: Supporting polygon and the centre of mass opadal robot withk, = 2

5.5.5.1 Minimum number of modules

For a robot of the pitch-yaw group, the total number of modies related to the phase difference
and the number of vertical undulations by the equation 3M5is directly proportional td, and
inversely proportional td\@, so the minimum will be obtained fdk, less k, = 3) and theAgq,
maximum QAg@, = 180):

This is the minimum value d¥1 calculated mathematically. Nevertheless, owing to thegipie of
phase opposition, when the phase is 180 degrees, theredsaradtion. Therefore, it is necessary to
add at least one more horizontal module and by definition ploelal robots of the pitch-yaw group
have the same number of horizontal modules as vertical difeexefore the minimum number will
beM = 14.

Principle of minimum number of modules An apodal robot of the pitch-yaw group that has 14 or
more modules, could move following a circular path in a sty stable way.

5.5.5.2 Limitations

The parameters,, and ay have the same limitations as in the case of movement in gbtréne
(section 4.3.2.4): limitation by geometry and by the servtidy. Therefore, in general, it is verified
that: ay < dy,,, < 120 andA, < A, < 90 whereay,,, andA,,,,, are given by the equations 4.6 and
4.7 respectively.
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For the horizontal joints the limitations are also by themetry and the servo buffer. It is verified
that: a, < ap,,,, < 360 andA, < Ay, < 90, where the maximum values are give by the equations:

max

45M M <8
hmax: (5.2)
360 M>8
90 M<8
= - 5-3
Abimax {%o M>8 (5.3)

For its deductions we start with the equation 3.48 thatesltdie parameter with the bending angle
Aof acircular curve and we particularise it for the pitch-ygnoup in which there ari®l/2 horizontal
modules:

A= r =00 (5.4)
2

Ay is directly proportional tax, therefore we will obtain its maximum value for the absolutaxin
mum of ay, which is 360 degrees. Substituting this value in the eqondiid and applying the restric-
tion A, < 90:

720

Ahmax: V < 90

ClearingM we find thatM = 8 is the value that defines the two areas of limitation. In dweee will
be geometric limitations and therefolg,ax < 90. In the other the limitation will be the servo buffer
andAn,,., = 90.

In a similar way for the parametes, we obtain:

Ohpax = 45M < 360

ForM < 8 the limitation will be due to the buffer and ftf >= 8 to the geometry.

5.6 Rolling

5.6.1 Description of the gait

In this movement the apodal robot rotates around its cofpais and moves in a straight line along
they axis. Itis composed of the superposition of two equal caculaves, one in the horizontal joints
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Corporal axis

Movement

Figure 5.14: Description of the rolling movement

and the other in the vertical ones. The movement is chaiseteby the parameteosof the circular
waves and the phase difference between them:

* ay: Circular arc in vertical joints|ay| € [0,360.
* ap: Circular arc in horizontal joints.ay| € (0,360

* A@: Phase difference between the vertical and horizontal svave

Nevertheless, whea, = a, andA@,, = 90 the shape of the robot is a circular arc that does not vary
its radius of curvature with the phase. In these conditibagdbot adopts the curved form and moves
in a straight line, parallel to its corporal axis in a unifQmctilinear movement (see figure 5.14).

Therefore, this movement is characterised by the pararodteat is the angle of the circular arc that
it forms when it moves (It only has one degree of freedom).

5.6.2 Robot shape

When two equal circular waves are superposed, one in thealgdints and the other in the horizontal
ones, with the same value af the resulting shape is a circular arc that has an inclinatith respect

to thexy plane that varies with the phage The bending angles between the vertical and horizontal
joints are out of phase 90 degrees so that when some ang@sthegr maximum values the others
will be 0 and vice-versa.

In the figure 5.15 the shape for the phases of 0, 45 and 90 deigrebown (it is assumed that the
initial phaseg is zero). Forg = 0, the horizontal joints form a circular curve of am¢ while the
verticals are in their position of rest, with a bending angfleero. The resultant arc is situated in
thexy plane. For the phasg= 90 the opposite occurs. It is the verticals that have theesb&pn arc
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Figure 5.16: Mechanism of rolling

while the horizontals remain in their positions of rest whiesults in an arc situated in thgplane.
For a phasep = 45, the curve is an arc af degrees that is inclined 45 degrees in relation toxthe

plane.

The composition of two equal circular curves, with a pha#edince of 90 degrees has the property

that the angle formed with they plane is equal to the phase.

5.6.3 Mechanism of rolling

The curve that defines the robot’s shape is rotated an angld &mthe phase. This means that the
orientation of all its points also varies. In the figure 5.66 shape of the curve for different values of
the phase between 0 and -90 degrees is shown. Two referesteensyare employed. One absolute
xyzthat is fixed to the ground and the other locdy.Z situated at each point of the curve. In 5.16a)
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Figure 5.17: The two types of robot’s section: circular agdase

the projection of the curve in they plane has been represented and as an example the mid point of
reference 1) has been taken. We define the orientation of the robot asnipe A that thez andZ
axis ofM form. This means tha8 is equal to the phasg.

Due to the action of gravity, the curve is supported on thaigdoat all times. In the figure 5.16b)
the projections in they andxy planes for different phases are shown. The shape of the doe®
not vary with the phase and is always resting onxhelane. But the orientation of its points does
change, rotating around its locelaxis. The result is that all the points of the corporal axishef
robot rotate with an angular velocity = 271/T aroundx’, whereT is the period of the oscillators.

5.6.4 Robot’s sections

We will analyse the rolling movement taking into account types of the robot’s sections: circular
and square. In the figure 5.17 both types and their paramatershown, for a continuous robot
situated on they plane. The point situated in the centre of the robot’s axis [/2) is denote by,

d is the radius of the circle and the side of the square.

To study the kinematics of the movement we will employ the eladth a circular section. Given
that the robot’s corporal axis turns with angular velogityeach one of the infinite sections behaves
like a “wheel”. We obtain the lineal speed of each one of theatftiplying w by the radius). If the
section were a point (wired model) there would be no movement

The square section model allows us to study the real robattjgtformed by modules whose section
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Figure 5.18: A circular arc with all its parameters and fraraereference

is of this type. We will see what restrictions appear whersjpasfrom the circular to the square

model.

5.6.5 Kinematics

5.6.5.1 Fundamental notation and expressions

The notation employed and the explanatory drawings forystigthe kinematics of the rolling move-
ment are shown in the figure 5.18 and are summed up in the table 5

| Notation | Description |

a

Angle of the circular arc

Length of the arc

Integration variable

Radius of the arc

Unitary radial vector

Unitary vector of the x axis

Unitary vector of the y axis

Origin of the frame of reference 1

lQO<>X)“>* | —

Origin of the frame of reference 2

_‘
o
3

Position vector of the centre of mass. Referred to fram

el

!

—
o
Q

Position vector of the frame of reference 2 in relation t

D 1

Table 5.1: Notation used for the description of the kinensatif the rolling gait
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Thee frames of reference are used. The O is fixed to the grouthdts axis arex, andyp. It is
employed to determine the speed and movement of the centrass of the robot. The frames 1 and
2 are local to the robot and move with it. The first has its origithe centre of ara®) and the second
in the mid point of its body@).

The radius vector that goes from the centre of the a@)(towards one its points is expressed as
follows: T = rf wherer is the module of the radius amdHe unitary radial vector. The radiuss
obtained from the parameters of the curve:

r=— (5.5)

The unitary radial vector is expressed in the frame 1 (withiniin O) as:

f = sinfX+ cosBy (5.6)

The expression of the vector radius in function of the iraéign angled is:

T = l; (sinB% + coshY) (5.7)

wherexandy are the unitary vectors of theaxis andy respectively of the frame of reference 1.

The relation between the infinitesimal® anddl is:

dl =rdo = \-do (5.8)
a

The position vector of the origin of the frame 2 in relatioriltds:

_‘

o]

&l
I

(5.9)

Q| —
<>

5.6.5.2 Centre of mass

The expression of the position of the centre of mass withaets the frame 1 is:

2l a
R H - J
fem= —3 sm( ) y (5.10)
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and with respect to the frame 2:
- I /2 . ra .
=Tt Tod = - <ES'”(E) - 1) g (5.11)

Proof: To calculate it we begin with the definition of the centre ofssia

—
Fem

1
— [ rdm 5.12
- / (5.12)

wherem is the total mass of the robat,the vector radius andm the differential of mass. It is
supposed that the mass is distributed uniformly along thgtreof the robot. The differential of mass
is putin function ofdl:

dm= —dlI

-3

And applying the equation 5.8 we obtain:

dm= —d6 (5.13)

2|3

Substituting the expressions 5.8 and 5.7 in 5.12, we have:

]
fom =172 .

(SinBR+ cosY) d6

MR T—— e

Given that the interval of integration is symmetric, thedtion sin is uneven and cos is even. The
integral remains:

—._2
cm— az

y | cos6do

O —_a

and solving it we have the expression 5.10.
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5.6.5.3 Path and speed

In this movement the body of the robot adopts the shape ofcalair curve and rotates around its
corporal axis at an angular velocity For the calculation it is supposed that the robot’s sedson
circular, of radiusd. The position and the speed of the centre of mass is refesrky the frame 0,
fixed to the ground.

In these conditions, the speed at which the robot’s centneesk displaces is given by the expression:

Ve = ZWTésin(%)yb (5.14)
Itis a constant speed therefore it is a uniform rectilineavement that is performed along the length
of theyy axis, that passes through the robot’s mid polvi}.(The speed depends on the parameter
This means that it is the robot’s shape that determinesdésdprherefore, when the robots body is a
complete circumferencer(= 2m), its speed is equal to 0. The robot does not move, thougloitgp
continue to rotate around its corporal axis at an angularcitgiw.

The maximum value of the speed is obtained wher 0, which corresponds to a robot’s shape that
tends to be a straight line. In these conditions the expressn(a /2) is approximated foo /2 and
we get:

Vmax= lim Vem = wd
a—0

The maximum speed is equal to the lineal speed of the poirits perimeter. Nevertheless, this is
only correct for the values af near to 0 in which the curve tends to be a straight line.dFer 0 the
equation 5.14 is not valid as in this case there are no cireudses and the bending angles of all the
robot’s articulations will be 0, therefore there will be neowement.

The space travelled by the robot with respect to the framefefence 0 supposing that in the initial
instant it is situated at the origin is obtained multiplythg equation 5.14 by the time t:

—

2wo . ra

E) o (5.15)

Proof: We will deduce the equation 5.14. For this we will use the ding& shown in the figure
5.18.

It is supposed that the robot’s section is circular of radiu®ue to the rotation of its corporal axis
with an angular velocityv, the lineal speed at each one of its points will be equaldo Consider
each one of its infinite sections as “wheels “ that move in datatirection, with speed:
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The speed of the centre of mass will be due to the contribudfoeach one of these differential
“wheels” and is calculated by means of its integration altirglength of the corporal axis of length
I

| |
mzl—l/vm:""l—é/rdl
0 0

Substituting "anddl for their respective expressions 5.6 and 5.8 we obtain:
wo :
Vo = / (sinB + cosY) 6
a
2
Having in mind that the interval of integration is symmetiite function sin is odd, cos is even and

they axis is parallel toyo:

a

2

2

Vo — %5370 / cosfdo
0

And resolving we arrive at the expression 5.14.

5.6.5.4 Step

The robot’s step along the length of thig axis is the distance covered by the robot during a time
interval equal toT. It is calculated from the equation 3.6 substitutinfor the expression 5.15.
Resolving this the step equation is obtained:

_ ?sin(%) Vo (5.16)

=

Its module is denoted biy. To study the variation of step witd, the normalised step is defined as:
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Normalized step Ayn

0.8
0.6 \

0.4

0.2

0 50 100 150 200 250 300 350

(Ol (degrees)

Figure 5.19: Graphical representation of the normalised &t function ofa

on=2on(3)

with values in the rang¢0,1]. This function depends only oa and not on the geometry of the
module. In the figure 5.19 it is shown graphically and in ti#03he shape of the robot is shown for
different values ofxr, together with the step.

For the case of a circular section, it is calculated from thenalised step multiplied by the perimeter
of the circumference:

Ay = 211dAy, = ?sin(%) (5.17)

The step of the square section model The robot’s step when the section is square is given by the
expression:

Ay =4HAy, = SFHsin(%) (5.18)

The maximum value is equal to the perimeter of the sectionisptbduced whew is near to zero.
This situation is shown in the figure 5.21.

The robot’s movement for both types of sections is esséntiak same. After a cycle the distance
travelled is equal to the product of its perimeter by the radised step\y,, that does not depend on
the type of section but on the angle of the axg.(
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0=0 Ol=45 0l=90 Ol=180 0l=270 0l=360
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Figure 5.20: Relationship between the robot's shape anstépe
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Ay=4H

Figure 5.21: Step of the continuous robot with square sectio
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® =0 @,=90

Adnvh=9o

Acbvh =90

Figure 5.22: Direction of the movement and the robot’s sHapdifferent values of thé&@,, and @
parameters

Nevertheless, the instantaneous position of the centreagéns different. In the first case the height
remains constant which means that the movement is smodthéne second case, this height has
oscillations and the movement is more abrupt. What is mbeestjuare section imposes restrictions
on the range of values @f. The movement is not made for all the valuesxgfout ananin appears,
below which value the robot does not roll (section 5.6.6).

5.6.5.5 Direction of movement

Chen et al. [12] studied the rolling movement and proposted dvercoming obstacles. They showed
that both the direction of movement and the shape of the nehenh advancing are defined by the
parameterd@,, and the initial phasey. The results are summed up in the figure 5.22.

5.6.6 Limitations from the geometry

The type of section imposes restrictions on the values wfith which one can carry out the move-
ment. When the section is circular, the robot will roll foryaralue ofa € (0,360). Nevertheless.
when the section is square this range is restrictes to[amin, 360). Fora < amin the robot moves
sideways without rolling (it carries out a flapping gait, ciéised in the section 5.7.9).
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Rolling Sideways movement (flapping)

Yem™ Ye Yem=Yc

Supporting points

Critical point (C)

Critical point (C)

Principal L 3
Principal !

polygon polygon |
yc ycm i

Supporting curve Supporting points

Figure 5.23: Rolling and sideways movement gaits accortdiniige position of the centre of mass
5.6.6.1 Condition for rolling

The condition that must be fulfilled so that the square sactibot carries out a rolling movement is
that the ordinate of the centre of mass be greater than thhéafitical pointC:

Yem > Ye (5.19)

In the figure 5.23 a robot with a square section is shown wiglcéntre of mass situated on both sides
of the critical pointC. The principal polygon is defined as that which forms theesedf the tummy

of the robot. Wheryem < Y, the projection of the centre of mass is situated within thiegipal
polygon which means that the robot remains in its normaksaigon (it does not lean). A sideways
type movement is produced.

Whenyem > Ve, the projection of the centre of gravity falls outside thapipal polygon so that the
robot leans on the supporting curve and it rolls.

The ordinate of the critical point can be expressed in thaéraf reference 1:

= I+H COSa
Ye={3a7"2 2
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and referred to 2 is:
| H a |
_ (-, " “_ 2
Ye <a+2>cos2 - (5.20)

5.6.6.2 Minimum anglea to roll

The rolling movement is realised whene (amin, 360) where the angler minimum (in degrees) is
given by the equation:

120 1\ 2 |

Whena < amin the movement will be flapping.

5.6.6.3 Proof

In this section, the deduction of the equation 5.21 is shdwom the expression 5.19 and substituting
Yem andyc by their referred expressions from the frame 2 (eq. 5.11 a2@)5We get the inequation:

L (2 sin a 1)> | + H cosa !
al\a 2 a 2 2 a
Grouping the terms we arrive at the expression:

2 sina I+H cosa>0
a2” 2 a 2 2

The term on the left is denoted &$a). The valueomin is obtained resolving the equation:
f (amin) = 0

This can be done by means of numeric methods. Neverthelesapproach we have adopted is to
approximatef (o) for another functiorf, (a) that permits an analytical expression to be obtained.

Developing the function si§ in a power series and retaining the first two terms:
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Figure 5.24: Graphical representation of the functibrasd f for a ratiol /H of 10

Equating to zero and simplifying, the second degree equéiobtained:

4|
2 _— —_ =
a+3Ha 8=0

Resolving the value looked for afnmi, required (in radians) will be obtained as a solution to the
equation:

2 1\? |
Omin = = (ﬁ) +18_ﬁ

Passing it into degrees the equation 5.21 is arrived at.

w
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The functionf and its approximatioffi, is shown in the figure 5.24, for a valuelgH equal to 10. It
is observed that it is almost a lineal function for low valoés:.

5.6.7 Discrete model

5.6.7.1 Equations

The equations for the bending angles are:

by = Asin(9+ @)

¢n = Asin(@+A@nh+ @)

where the amplitudé is given by the expression :

A= (5.22)

The valued\@,, andg, determine the direction of movement in relation to the sh{apetion 5.6.5.5)
and the amplitud@ the arc of the corporal axis.

5.6.7.2 Shape

The shape of the robot is a discrete circular arc with an andiermed byM + 1 segments. In the
figure 5.25 the shape of an 8 module robot is shown@ard180 degrees for the phases of 0, 45 and
90 degrees. It can be seen that the robot is not symmetricresgect to the axis (except for the
phase of 45 degrees).

5.6.7.3 Minimum number of modules

The minimum number of modules for the robot to roll is 3 (1 yawdule between two pitch mod-
ules). This configuration is studied in more detail in theptka6.
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Horizontal module

®=0 O=45 =90 vertical module

Figure 5.25: Comparison between the discrete and contswnadels for three different phases. The
robot has 8 modules and the parametés 180 degrees.

5.6.7.4 Limitations

In the discrete model the parameteraand A are limited in such a way that < amax < 360 and
A < Amax < 90. The equations foormax and Amax are 5.2 and 5.3 respectively, the same that the
horizontal joints have in the case of a circular path movdr{saction 5.5).

5.6.8 Summary

A robot of the pitch-yaw type ol modules can roll when all the vertical and horizontal getwesa
are in phase, the same amplitules applied to them and between the verticals and horizotitate

is a phase difference of 90 degrees. In this situation thetnmloves, adopting the shape of a circular
arc of anglex. This angle is found between a maximum of 360 degrees andiaonim of amin that
depends on the type of the module’s section and the reldijphgtween the module’s length) &nd
width (H).

When a = 360 there is no movement on the ground, but there does exattaio of the corporal
axis. This type of movement was simulated by Dowling[29] is dloctoral thesis. He proposed its
utilisation for apodal robots’ movement along the lengthhaf outside of a tube, twining around its
perimeter and rolling. Lipkin et al. [86] has used it in hitelst prototypes.
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Sideways movement Movement during one period

Figure 5.26: Sideways movement. Left: During two cyclegghRi Details of the movement during
one cycle

5.7 Sideways movement

5.7.1 Introduction

The sideways movement category includes three differatd. gl of them allow the robot to move
sideways maintaining its longitudinal axis with the samiemtation. We will concentrate on the
normal sideways movement. The other two types are the extlgideways movement and flapping
that are commented on in the sections 5.7.8 and 5.7.9 résggct

5.7.2 Gait description

This movement allows the robot to move toward either sidéhavit changing its orientation. The
movement is known aside-winding It is that which some types of snakes perform when they move
along the sand. In the figure 5.26 the shape of the robot hasrepeesented during its movement.
The discontinuous lines join the points of the ground thatehiaeen in contact with its belly and
correspond to the marks snakes would leave in the sand whgmtave in this way.

This type of sideways movement is obtained by means of therpopition of two serpenoid waves,
one in the vertical joints and the other in the horizontalsyieth the same number of waves. The
parameters that characterise the movement are 4:

 ay: Winding angle of the vertical wave.
* ap: Winding angle of the horizontal wave.

* k: Number of waves (the same for both verticals and horizejtal
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O =180 d =90 ® =0

section Vertical projection

Horizontal
3D curve projection

Figure 5.27: Graphical representation of a 3D isomorpheysenoid wave for different phases and
with k =2, A@,, = 90 anday, = ap,.

* A@: Phase difference between the vertical and horizontal svave

The shape the robot’s body adopts is that of a 3D serpenoié \igaction 3.6.4). If the condition
of the flat wave is applied and the vertical winding angle Imees very small in comparison to the
horizontal one this movement can be described by means paifaeneters, k that correspond with
those of the horizontal wave. In the solutions obtainedptrametefAq,, is 90 degrees.

5.7.3 Robot shape

In this section we will study the shape of the 3D serpenoidenavelation to its four parameters.

5.7.3.1 Isomorphous waves

The composition of the two serpenoid waves with the same eanoflundulationsk) makes it appear
a corporal three-dimensional wave that moves through theti®longitudinal axis. The shape of this
wave does not vary with the phase, it only moves. Therefareptojection on theyplane, that we
will call section, is always the same for all the phases. Wethe type of 3D serpenoid wave
isomorphous

In the figure 5.27 the propagation of an isomorphous wavede/stbetween the phases of 180 and 0
degrees, withk = 2. It is observed that the section is the same. ger0 the wave has displaced in a
positive direction of thex axis.

The parametek indicates the number of undulations that the three-dinosagiwave has.
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Vertical

N E projection

Horizontal
\ projection
v>

Figure 5.28: Circular isomorphous wave with doa: 1, ay = o, andA@,, = 90 degrees

5.7.3.2 ParametelA@

The parameteh@,, determines the shape of the wave’s section, that can be:

* Agp = 90. Circular isomorphous wave The projection in thezy plane is a circumference
(figure 5.28). As we will see in the following section, theatién between the winding angles
varies the scaling in theaxis.

* Agp = 0. Linear isomorphous wave The section is a segment (figure 5.30). The robot shape
is a serpenoid located on a plane perpendicular tayipane.

» Ape (0,90). Ellipticisomorphous wave The section is an ellipse whose major axis is oblique
to they axis (figure 5.29). The minor axis varies with the phase diffiee being equal to the
major forAg =90 and 0 forA@ = 0.

5.7.3.3 Relationa,/an

The relation between the vertical and horizontal windinglas determines the scale of thandy
axis of the section. For a relatian /oy, = 1, the section has the same width as height.dvgo;, =
0.5 the height will be half the width.

Given the symmetry of the pitch-yaw group of robots, whemyiag out a rotation of 90 degrees on
its longitudinal axis, the modules that before were veltimav become horizontal and vice-versa.
Therefore, if the relatiorry/an, was equal ta, after the rotation of 90 degrees the shape of the
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Figure 5.29: Isomorphous elliptic wave with= 1, a, = a, andA@,, = 45 degrees
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Figure 5.30: Linear isomorphous wave wkh-= 1, ay, = oy, y A@,, = 0 degrees
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Circular wave Elliptic wave Linear wave
Ad)vh=90 A(DVh=45 A(DVh=0
z z z
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o y y y
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Figure 5.31: Type of waves according to the values of therpatarsA@,, anday/an

robot will be the same as if the relatiayy a, = 1/r was applied. Because of this, only the values
ay/an € [0, 1] will be studied.

When the value ofr, is very small with respect tay, the robot is “flattened”. We call thisfiat wave
(or plane wave) if it fulfilsay / an, — 0. If ay = 0, there will not be a vertical wave, therefore the robot

will have the shape of a serpenoid wave situated orxthglane. The locomotion will have to be
studied, as with the robots of the yaw-yaw group.

5.7.3.4 Linear isomorphous waves

The linear isomorphous wave has the shape of a serpenoidofgaeametersr andk that are found
in a continuous plane that contains thaxis and is perpendicular to ttxg plane. The value of the
winding angle is given by the expression:

a= ags + aq, .
\/ a¢ +a? (5.23)

The angle of inclinatiof that forms the plane of the wave with thexis is:

ay
B= arctan(a—) (5.24)

h
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This inclination is determined by the relation/an. The maximum value is obtained fat,/a, = 1
and is of 45 degrees.

The values of the parametearg and ay are obtained from the winding angle and the inclination by
the expressions:

ay = asinB, a, = acosB

The shape of the robot when isomorphous waves are used iacthiased by the three parameters
a, B andk. Within the category of the linear isomorphous waves we #islude those in which the
phase differencAq, is close to zero.

5.7.3.5 Flatisomorphous waves

The flat isomorphous waves have the shape of a serpenoid Waezametersx andk situated on
the horizontalXy) plane. The winding angle is approximateddys ar,.

The value of the parametép,, is not important because as the wave is contained in thedraek
plane the circular, elliptic or straight shape are pratlificequal. Another characteristic is that the
inclination of the isomorphous waves tend to be z¢gre{0). Therefore, we only need the parameters
a andk to characterise the robot’s shape.

5.7.4 Stability

The stability of sideways movement is deduced from the shdpts section and therefore from
the type of wave employed. For the movement to be static#dlyls it has to be ensured that the
projection of the centre of gravity falls inside the suppgmrtygon. This polygon must have at least
three unaligned points.

First we will analyse the stability in function of the parae@\@,,,. According to its values we will
have the circular, elliptic or linear waves. In the figurebt8e shape of its sections and the section of
a real robot positioned on the ground are shown. The framefefence formed byyzis connected

to the ground and they'Z are in the centre of the section and indicate to us its oaigwn.

In the case of a circular wave, all the supporting pointsmatke same straight line that passes through
the pointP and is parallel to th& axis. The robot is unstable. It will incline to the right, detleft or

will oscillate. When the wave is elliptic the same thing hapg. All the supporting points are on the
straight line that passes throughand therefore it is unstable. Nevertheless, the stabdityreater
than in the previous case as the height of the centre of m&ssés.
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Circular wave Elliptic wave Linear wave
A(DVh=90 A(I)Vh=45 A(Dvh=0
AZ AZ AZ
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Model >

Robot

Unstable Unstable Stable

Figure 5.32: Robot stability according to the section ofillzare

In the case of the linear wave, the robot is stable. The cefitmeass is very near to the ground and
will remain within the support polygon. B has a value near zero, the shape is not a straight line
but a very deformed ellipse, with a very small lesser axise dbot will not be statically stable as
the section could incline toward one side or the other, lsubdcillation will be negligible iAg is
sufficiently small.

Principle of stability | The linear isomorphous waves allow the robot’s sidewaysemant to be
stable.

The analysis of the stability according to the valmg&, is similar. The smaller the relation, the
nearer will the centre of gravity be to the ground and the natable will be the robot. But if it
has a value of zero, then there will be only a horizontal sewjgewave and no sideways movement.
Therefore, the maximum stability is obtained wheyy ay, is near to a zero but greater. That is to
say, that when the vertical serpenoid wave is very smalllatioe to the horizontal one but with the
winding angle sufficiently great to be able to lift the poifrtsm the ground and it can move.

Principle of stability Il The flat isomorphous waves permit the sideways movemerg ajtibt to
be stable.

5.7.5 Wave types for the movement

Due to the principles of stability | and I, the sideways miot of the robot is characterised by the
use of theflat or linear isomorphous waves In both cases the shape of the robot will be that of a
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| Linea Isomorphous wave| Flat Isomorphous wave |

a a
k k
ay/an ay/an—0
Agpn— 0 A@,, does not matter

Table 5.2: Parameters for performing the sideways movement

serpenoid curve supported on the horizontal plane and ciesised by the two parametarsandk.
In the case of the linear wawe will be given by the equation 5.23 and for the plane wave it gl
approximately byap,.

What is more, for the linear waves the relatioyy a, allows the orientatiof8 of the robot’s points,
to be changed, causing the robot to move in an inclined posfiection 5.7.8). The information has
been summarised in the table 5.2.

Therefore, the sideways movementis characterised by the @ parameters as in one-dimensional
locomotion as in the case of the wired and continuous motlelsiclination of the points is indiffer-
ent.

5.7.6 Mechanism of movement

5.7.6.1 Framework of study

We will study the mechanisms to carry out the movement supgdbkat isomorphous plane waves
are being employed and that the value of the paranmfeggris 90 degrees. In this way we will

make concrete explanatory drawings. Also we will suppoaekh- 2 so that at all time at least two
supporting points exist in the vertical projection.

From this we will analyse where the supporting points angasitd, what happens in the transition
between two close phases and finally what is the movement elgale has elapsed.

5.7.6.2 Supporting points

The supporting points are found in the part of the robot inchtihe co-ordinate is minimum. That
is to say, it is produced in the valleys of the vertical prtijat (zx plane) They have the following
properties (see figure 5.33):

1. All the supporting points are found aligned accordinghe tlirection of thex axis. This is
because there is only one contact point in the section ofabetrzy plane).
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Figure 5.33: Supporting points for the phases 0 and 90 degree

2. They are separated a distance equal,tvhich does not vary with the phase.

3. They are situated in the same point of the horizontal cufiget is an isomorphous wave, the
vertical and horizontal waves propagate with the same sfiesdfore the supporting points
are always in the same position in relation to the horizatuale.

4. AsAgqn = 90 is taken, the supporting points are found in the pointhefitorizontal curve in
which the slope is equal to the winding angle

In the figure 5.33 the vertical and horizontal projectiong] ¢he section for the phases of 90 and 0
are shown.

5.7.6.3 Movement between neighbouring phases

Initially the robot is in the phas®1, as is shown in the figure 5.34a), in which the supportingtgoin
are situated in the positiorss= 5 of the curve. When passing to the phaggnear tod®; (P, =
@, + dd ) the wave propagates and the new supporting points will bg -indl, situated in the
direction tangent to the curve at this point.

Therefore, when passing from the phaggto ®, the supporting points move following a straight
line in the direction that forms an anghewith thex axis.

5.7.6.4 Movement during a cycle

At the end of a cycle, and supposing that there has been ringslithe supporting points will have
moved a distance equal to the length of an undulation of tineeoly, = 1 /k), down the length of the
straight lines that form an angte with thex axis, as the figure 5.34b) shows.
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a) Movement between two neighboruing phases b) Movement during one cycle

o, D,

Points of contact with the ground

Figure 5.34: Sideways movement of the robot. a) Betweerhbeigring phases. b) During one cycle

5.7.7 Kinematics

5.7.7.1 Step equation

Given that there is no rotation, the kinematic param#ies zero. The equation proposed to calculate
the step is:

— | L
Ar = K ((cosar — An)X+sinay) (5.25)
wherex'andy are the unitary vectors in theandy axis respectively anis the robot’s lengthAp,
is the wavelength of a serpenoid of length 1 and number of svageal to 1 that is calculated as

An = x(1) wherex(s) is the function defined in 3.17.

The step module is:

‘A_F‘ - :—(\/1+/\,$—2/\ncosa (5.26)

and the direction of movement, defined as the apdleat forms in relation to thg axis is:

eosa = /n ’\”> (5.27)

= —arctan .
Y ( sina
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[

Figure 5.35: Deduction of the robot’s step equation

5.7.7.2 Proof

The deduction of the equation 5.25 is obtained from the figug®. The step is obtained by the
following vector sum:

—

A=To+A (5.28)

T, is a vector whose module is the length of an undulation and$an angler with thex axis. Itis
given, therefore, by the expression:

—
lu

I O RN
== RCOSCYX—i— ESInay

The vectorA has as module the wavelength of the curve and is orientateddthe negative direc-
tion of thex axis:

Operating in 5.28 the following expression is arrived at:

Af = IEcosaf)\f(JrIRsina)”/ (5.29)

The wavelength of a serpenoid curve can be expressed irdaraftthe normalised serpenoid as:
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Figure 5.36: Variation of the step module and the directiofunction of thea parameter

I
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Substituting in the equation 5.29 the final expression isedlras required.

5.7.7.3 Variation with a

The variation of the step module and of the angle shown in the figure 5.36 for a robot of unitary
length and one undulation.

When the winding angle is increased, the robot’s step ise®and the path moves away from the
direction of they axis.

5.7.7.4 Direction of movement

For the same value of the paramedethe movement can be made in two different directions, and in
each one of them in both directions, as is shown in the figud'éj.

The sign ofA@,, establishes in which of the two directions the robot will mmpwhich will be defined
by yandy— 180 . In the figure 5.37b) the two families of supporting psiate shown that there will
be according to the sign of the phase difference. They willeredong the straight lines that form
degrees with th& axis or for those that form-a.

The direction of wave propagation decides the sign of the. skberefore, if the step is given Iﬁ
with a change of direction of propagation of the wave it beesthe opposite?A?.
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a) Directions of movement b) Supporting points
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Figure 5.37: a) All the possibles direction of movement foolot with a given winding angle. b)
Position of the supporting points in function of the signtud A parameter

Inclined sideways movement Normal sideways movement

Figure 5.38: The two types of sideways movements: normalrasiithed

5.7.8 Inclined movement

The sideways movement, as we saw in the section 5.7.5 isedaliy flat or linear isomorphous
waves. In both cases the paramete@ndk allow us to determine the shape of the robot during this
movement.

When linear waves are used it is also possible to controldhetis inclination, defined by the angle
B that is calculated according to the equation 5.24. For thev@es the inclination will always be
zero degrees (or a value near to zero).

In the figure 5.38 two continuous robots with square secti@we been drawn and that are moving
using linear waves (left) and plane waves (right). Squacticzged robots have been chosen to be
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Figure 5.39: Flapping movement

able to appreciate the differences in the inclination. Tdteot on the left is inclined at a maximum
angle beta of 45 degrees.

One type of inclined movement was studied by Mori et al.[182d implemented in the prototype
ACM-R3. The movement achieved, described using the pasmsahd nomenclatures of this thesis,
is based on linear isomorphous waves wii, = 0, so that all the points of the lower part of the
robot are in contact with the ground. Because the ACM-R3 laasipe wheels, when the serpenoid
waves are propagated the robot is propelled forwards onteacls.

The movement that we have proposed allows the robot to catrgoinclined sideways movement.
For this the paramet&k@,, has to be different to zero, but sufficiently small. This isfar as we
know, a new movement, previously not studied by other resess.

5.7.9 Flapping movement

The flapping movement (or the rowing type movement) allovesrtbot to move sideways in a dif-
ferent way to that obtained by means of the flat or linear walrethe figure 5.39 the movement of a
square sectioned robot is shown, in five different phasésalsimilar movement to that of a rower in
a boat, that moves the two oars at the same time to propel #ite Boe robot’s extremities follow a
circular path. In the initial phasep,= 0, all the body is supported on the ground and is curved $jight
backwards, the middle point being more advanced than threraiktes. Then the extremities raise
themselves and make a forward circular movement with theeeffithe robot’s tummy remaining in
contact with the ground. In the phage= 180 the situation is similar to the initial phase but with the
body curved forwards, in such a way that now the central psimtore retarded than the extremities.
Finally the centre of the robot raises itself and moves fodeapporting itself on the two extremities.

This movement is carried out applying the same circular wasein the rolling movement (section
5.6). What differentiates one movement from the other ictheature of the robot’s body. For angles
a less than amm, (see section 5.6.6.2) a sideways movement is carried oufoargteater angles
the robot rolls.

This movement is known as flapping, and was first simulated dyliDg[29] in his doctoral thesis.
Chen et al [13] implemented it and carried out experimenth wi10 module robot. Nevertheless
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they did not propose an equation to define thg, nor did they study the mechanisms why one or
other type of movementis carried out.

The rowing type movement is slow, compared to the sidewaygement (side-winding). Also the
torque of the motors has to be greater as the length of the idreases, so that the extremities can
raise themselves. Nevertheless, it has the advantagertlyghoee modules are necessary to carry it
out, as is shown with the movement of the minimum configuragibpitch-yaw-pitch type presented
in the chapter 6.

5.7.10 Discrete model
5.7.10.1 Equations

The equations for the bending angles of the vertical andzbotal joints are obtained from the general
equations 3.43 and 3.44 applying the condition of isomoughwave k, = k;):

¢y = 20aysin (%k) sin (¢+%+4Wnk(i 1)> e {1%}

21k 47k . 2nk . M
dn, = 2apsin (V) sm<qo+ qurV (i 1)+V+Aqq,h> i€ {1...5}

The initial phaseg determines the robot’s shape in the initial moment and fempermanent move-
ment regime it can be equalled to zero.

Expressed in function of the parameters of the oscillatows taking as initial phasey = 0 the
equations are:

by = Assin(@+Ap(i — 1))

Pn, = Ansin <<0+Aco(i 1)+ A%o +A<am)

5.7.10.2 The robot’s shape

The shape the robot adopts when it moves using flat or linearasphous waves is that of a discrete
serpenoid with parameteassandk. Therefore, the dimensions of the robot can be calculatply sy
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Robot Shape Movement during one cycle

>y /

®=0 ®=-60 ®=-120 O =180 ®=120 ®=60

Figure 5.40: Sideways movement of a 16 modules apodal robebhwsing a flat isomorphous circu-
lar wave withk = 2 anda = 40. a) The robot’s shape in different phases. b) robot mowéthging
one cycle

the same equations as in the case of one dimensional locamteking into account that the blocks
are of the yaw type and the parametgi@nddy are respectivelyl3/2 and 2 (see table 3.1).

In the figure 5.40 the movement of a 16 module apodal robotag/sh In the continuous case the
robot’s shape is always the same, only that it is displacdzk ificlination of the points are always
the same. In the discrete case the shape changes with the gaidisherefore the inclination of the
points also varies.

5.7.10.3 Minimum number of modules

The analysis of the minimum number of modules is realisethénsame way as in the case of 1D
locomotion. It has to be applied to a horizontal serpenoiderand only taking into account the
horizontal modules. On assigning a value\d$ equal to 180 degrees, there is no wave propagation
therefore there is no robot movement. Also, to be able tohseduations of the robot’s dimensions,
there must be at least one undulatin>(1).

Using the same criteria as for the 1D locomotion, if the nundiéhorizontal modules is k(= 1)
there is a phase difference of 180 degrees, that does nat fafanovement. Therefore there must
be at least 3 horizontal modules, and as the configuratiop#tdi-yaw have the same number of
horizontals as verticals, 6 is the minimum number of modules
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| Parameter | Description | Range |
M Number of modules (vert+horiz) M > 6
a Winding angle a < amax< 120
k=ky=k, | Number of undulations (vert. y horiz ke [1,M/4]
A Horizontal generators amplitude A< Anax< 90
JAY() Horizontal generators phase differencég < (—180,180)

Table 5.3: Range of values for the different parameterdfestdeways gait

For the flapping movement, nevertheless, the minimum nuwfd@odules is four. But a pitch-yaw-
pitch type of configuration of only three modules can carry this movement, as is shown in the
chapter 6.

5.7.10.4 Limitations

The parameterA anda have the same limitations as in the case of the movement raiglst line
(section 4.3.2.4): limited by geometry and by the servodaufTherefore, in general, it is verified
that 0 < amax < 120 andA < Amax < 90 wherea, and A, are given by the equations 4.6 and 4.7
respectively. These equations have to be applied havingnd that the robot haM/2 horizontal
modules.

The table 5.3 summarises the ranges of the parameter values.

When the inclined movement is employed, the limitatiororaimplies that the values af,, anday
meet with the restriction:

\/ a\?‘f'aﬁ < Omax

For a maximum inclination of 45 degrees, whege= ay, the value ofay, will always be less or equal
to:

ap < @: 84.85grados
V2

5.7.11 Summary

A robot of M modules of the pitch-yaw type can move sideways when it uaésfllinear isomor-
phous waves. This is obtained by means of two superposedrsgtpwaves, one in the horizontal
joints and the other in the vertical ones, both with the sammabrer of undulations.

There are three types of sideways movement according todkesthat are used.
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1. Main movement It is similar to that realised by some kinds of snakes whewy thove across
sand (side-winding) and is obtained using flat waves, in twthie winding angle of the vertical
articulations is very small with respect to the horizontads.

2. Inclined movement It is the same as the previous one, but the robot’s bodyaedian angle
beta in relation to its corporal axis. It is obtained by meahthe use of linear waves, with
a value ofA@,, near to zero. The relation between the parametgrand a;, determines the
angle of inclination. It is a movement that, as far as we krwag, not been previously studied
by other investigators.

3. Flapping movement lItis obtained applying two equal circular waves in whickittparameter
a is less than a limit anglemin.

5.8 Rotation

5.8.1 Introduction

At least two gaits exist that allow the apodal robots of thelpiyaw group to realise a rotation parallel
to the ground, changing the orientation of their longitadizxis. They are the rotation in “S” and in
“U”. We will concentrate on the first that allows the rotatiohrobots of any length. The second is
described in the section 5.8.7.

5.8.2 Gait description

By means of the rotating movement the robot turns parall#iéayround changing the orientation of
its longitudinal axis an anglay in a clockwise or anti-clockwise direction. This allows tlebot to
change its orientation focusing the head toward the desiiredtion. It is a new way of movement
that is not found in nature and has not been studied or impleedeén any apodal type robot, as far
as we know.

In the figure 5.41c) the initial and final positions of the rokfier a cycle has been completed, are
shown. The rotation is measured with respect to the longitldxis that passes through the centre
of mass. In the figures 5.41a) and b) the robot’s shape is sdavimg the rotation in the half-periods
1land?2.

This movement is obtained by means of the superposition@&tvpenoid waves, one in the vertical
joints and the other in the horizontal, with a different nianbf waves. The parameters are:

 ay: Winding angle of the vertical wave.
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a) Half-period 1 b) Half-period 2 c) Comple rotation

t=0 t=0

Centre
of mass

Figure 5.41: Rotation gait during one period, divided int@ thalf-periods. a) Rotation during the
first half-period. b)Second half-period. c) Initial and fipasitions.

* ap: Winding angle of the horizontal wave.

ky: Number of the vertical waves.

kn: Number of the horizontal waves.

Aqy: Phase difference between the vertical and horizontal svave

The shape that the robot’s body adopts is that of a 3D sergevaie (section 3.6.4). In the solutions
found, the number of undulations of the vertical wave is detiat of the horizontal, = 2k;) and
A@n = 0. What is more the wave is flat therefomg << a,. The movement can be reduced to
two degrees of freedom, defined by the parameteasdk, that correspond to the parameters of the
horizontal wave.

5.8.3 The Robot’s shape

5.8.3.1 Non isomorphous waves

When the superposed serpenoid waves have different numib&eses k, #~ k) the shape of the 3D
wave varies with the phase. Its projection in #tyglane will not be a constant curve, as in the case
of the isomorphous waves, but it will go changing as it is pggted.

Having different values fok, andk;,, the vertical wave is propagated at a different speed to the
horizontal one, therefore the ground contact points areimttie same position in relation to the
curve for all the phases, but they go moving. The interadtietween the contact points with the
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D=-90 ®=-135 D=180 ®=135

Figure 5.42: Robot’s shape when two serpenoid waves aresogedl, withk, = 2 andk, = 1,
Apr=0

ground is not uniform. They will appear, in general, differéorces for these points, therefore the
robot will tend to turn. The relatioky/k, determines the supporting points that will appear in the
robot and how these are moved by its body, determining the @fjpnovement.

Whenkv/kh+# 1 the wave is notisomorphous. The supporting points on thergt vary their relative
distance one to the other and in general provoke a changéeimation. Nevertheless, the number of
possible movements is infinite. The solution found is vadidrbbots withM > 3 number of modules.
Among thermky/ky = 2 andA@,, = 0.

5.8.3.2 Wave withky/k, =2and A@,, =0

In the figure 5.44 the shape of a wave is shown whken 2, k, = 1 andA@,, = 0. Given that it is not
isomorphous, the shape changes with the phase. The poojéctthezy plane has different shapes
according to the phase.

5.8.4 Stability

We will study the stability of the wave wheq/k, = 2 andA@,, = 0. In the figure 5.43 the projections
in theyz planes (section)z (vertical projection) andy (horizontal projection) are shown together
with the supporting points, whely, = 1. In this situation there are only two supporting pointstth

guarantee the stability in ttexplane. Nevertheless, in the wired model it is unstable wapect to
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Section Vertical projection
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Figure 5.43: Robot's shape projections on stzupper),xz (right) andxy (lower) planes and the
location of the supporting points

thex axis. It is necessary that there are at least three poinméct with the ground in they plane.
The robot will rotate an angle aroumdintil the third supporting point appears.

The supporting points go moving for the horizontal projewti Their relative position to the axis of
symmetry goes changing. For the phase of 90 degrees they Hreiii furthest position. According
as the phase changes, the points go nearing the axis urdilfbase of -90 they are aligned with it.
The relative movement of these points has two componenésparallel to the axis of symmetry and
the other perpendicular to it. It is this movement perpemidicto the axis of moving toward or away
from it that produces the rotation.

In general to obtain stability at least three support powitsbe necessary which meatkg > 1.5
must be fulfilled. In this situation the centre of gravityl§alithin the polygon formed by the three
supporting points in all the phases exceptgos 90, where the points are aligned and therefore the
robot will fall over either to the right or the left, or will allate (figure 5.44).

Nevertheless, if instead of the wired model one with a sgs@c&on is employed, this instability will
disappear.

Another way to get stability is to use flat waves in whig}y a;, — 0. In this case, the same as with
the side-winding, the robot’s centre of gravity is very neathe ground and though there are not
three supporting points at all times and the robot oscalateese variations will be small.

Therefore there are two criteria for stability:

Stability Criteria | k, > 1.5 and that the section is square.
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®=180 ®=-135

Stable Stable Stable Stable Unstable Stable Stable Stable

Figure 5.44: Stability fok, = 1.5

Trajectory of the

Half-period 1 Half-period 2 Supporting points

Figure 5.45: Rotation mechanism. Graphical represematithe supporting points with the ground
during the rotation, whek, = 2, k, = 1 andA@ =0

Stability Criteria Il  Flat waves, not isomorphous,/a, — 0

5.8.5 Rotation mechanism

The rotation mechanism is due to the interaction of the stgppoints with the ground. These
points move through the length of the robot (figure 5.45). fidiation in a cycle can be divided into
two stages: rotation during the first half-period (frérs 0 to T/2) and second (fromh=T/2 to

T). We take as the initial phagg= 90, where the supporting points are aligned with the robot’'s
longitudinal axis. We will consider that the robot is madeofipvo parts of lengtt/2: the upper arm
and the lower one. The supporting points willBeandP,. The wave propagation is in the positive
direction of the longitudinal axisx(> 0). P, andP, divides the curve into three parts that we will
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call the upper, middle and lower extremities. Finally. tbbat’s extremities we will denominate the
upper and lower extremities. Initially they are found in gh@nts of the curves=1/4 ands= 3l /4
respectively. According to the wave propagation Rhmoves toward the robot’s central pog | /2
andP; to the extremitys=1. As it advances, the upper arm becomes longer and the loveestanter.
The upper goes bending to the left in the measureRhahdP, move while the lower tends to remain
in its position.

In the second half-perioB, disappears and a new one appeBssn s= 0. P, andP; move until
they arrive at their positions situatedss- 31 /4 ands= | /4 respectively. The opposite occurs to the
previous half-period. Now it is the right arm that is the lesg and which tends to bend toward the
right while the left one tends to remain in its position.

When finalising the period?; has travelled a distance equal @ passing frons=1/4to 3 /4.

5.8.6 Kinematics

5.8.6.1 Rotation angle

To know the equation for obtaining the angle of turn in fuaotdf the parameters of the horizontal
serpenoid curve, when flat waves are being employed, it isssaty to analyse the dynamic, obtain
the components of force that act on the supporting pointslamtbrque that they generate in relation

to the centre of gravity. This analysis is outside the limitshis thesis and will be tackled in future
studies.

Given the symmetry of movement in the two half-periods, nigithe discussion we will speak of the
angle of rotation in a half-periog. We will assume that the total rotation ig= 2.

5.8.6.2 Variation with a

The experiments carried out (chapter 7) prove that the antaéed grows with the winding angts,.

5.8.6.3 Variation with k

The variation of the rotation angle with k is given by the esgwion:

y:4arcsin<sm(%)> (5.30)

2k—1

wherey; is the angle rotated whdon= 1. In the graphic 5.46c the relationship is shown wiyeris
of 30 degrees. It can be seen that whencreases the rotation angle diminishes. The figures 5.46a)
and b) show the angle turned in a half-periodKet 1 andk = 2.
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a) Rotation for k=1 b) Rotation for k=2 c) Variation of the rotation angle with k
=) 2
L §
e 25 \
% 20
o
°
©
> 15
=
10
\
5 ————
0
1 1.5 2 2.5 3 3.5 4 4.5 5
k=1 k=2 k

Figure 5.46: Rotation angle in function &f a) Rotation withk = 1. b) Rotation withk = 2. ¢)
Variation of the rotation angle witk

5.8.6.4 Demonstration

We will deduce the equation 5.30. We will study the variatidrthe rotation angle during a half-
period. We callys, the half-period angle 1 whdn= 1 ands for k > 1. The rotation angles in a period
will be respectively:

Vi=2s, Y=2¥ (5.31)

Starting with the initial phase = 90 and we will take as reference the polihthat is found at a
distance of /4 from the centre of mass (figure 5.47a). When it has finishedt#tf-period, the robot
has rotated an anglg,. The module of its vector movement is given by the expression

Arq = %sin(%)

Whenk > 1, the centre of mass is displaced a distath@e the positive direction of the axis as the
figure 5.47b) shows. This distance can be expressed in fumofk as:

so that wherk = 1, the centre of mass has not moved,Ker 2 it will be A /2 displaced units. The
movement of poinP (k > 1) can be calculated as:
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a) k=1 b) k>1
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Figure 5.47: Movement of the poiRtduring a half-period. a) Fdt= 1. b) Fork > 1.

Ar = 2(% +d)sin(§)

Substituting the expression df

Ar =

N >

(2k— 1)sin(§)

The segmentAr y Ar; are equal. Whek increases the radius of turn has changed but this distance
is the same. Equalling the two expressidins= Ary:

sin(%) = sin(%)

2k—1

And expressings and ys, in function of the angles in a cycle (eq. 5.31) we arrive at fihal
expression.
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Figure 5.48: Direction of the rotation in function of theelition of propagation of the wave and the
A, parameter

5.8.6.5 Direction of rotation

There are four possibilities for the rotation, as is showthimfigure 5.48, according to the direction
of propagation of the wave and the paramét@y,. When changing the direction of the propagation
of the wave, the direction of rotation changesAll,, = 0 and the wave is propagated in the pos-
itive direction of the longitudinal axis, it carries out antiaclockwise rotation. If the direction of
propagation changes the opposite will happen.

The parametehq,,, determines the situation for the supporting points, asasvstin the figure 5.48.
For Ag,, = 180, its position relative to the curve is different fromttha A@,, = 0. The direction of
rotation will be the opposite if the direction of rotatiomrains the same.

Therefore the following options exist to change the dim@thf turn:

< Change the direction of the wave propagation (it will beessary to change the signs of the
parameterd@, andAg,).

< Add 180 degrees to the paramedes;,.

5.8.7 Rotationin’'U’

Besides the principal way of rotating, determined by theespgsition of the two serpenoid waves,
another means exists that we call rotation in “U”. It is cludeaised by the superposition of a vertical
serpenoid wave, witk, = 2 and a circular horizontakg = 0), with a value ofA@,, = 90. The stability

is obtained using flat waves, in whicky/a, — 0.
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a) Half-period 1 b) Half-period 2 c) Complete rotation
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Figure 5.49: Rotation in “U”

The figure 5.49 shows how this rotation functions. In the ramtal joints there is a circular wave
which means that the robot has the shape of a “U” that is coedénto an inverted “U” and finally
returns to a “U” (as shown in the figure 3.33 of the section3).6.

The supporting points go moving for the length of the curveclwhmeans that they are found in

different positions in the half-periods 1 and 2. In the h@dfiod 1, the supporting points are nearer to
the lower extremity therefore it tends to move less and th@eupne turns more. In the half-period

2 the opposite occurs and now it is the upper one that tendote fless. The result is that during a

cycle the robot realises a total rotation of a certain aryi@ynd its centre of mass.

The advantage of this method of rotation is that it functiaith discrete apodal robots with very few
modules. In the chapter 6 this method is used for the rotatidine minimum configuration of just 3
modules.

5.8.8 Discrete robot

5.8.8.1 Equations

Main rotation movement This movement is obtained by means of the superposition ofstev-
penoid waves in whiclk, = 2k, andA@,, = 0. We will denote the number of undulations of the
horizontal serpenoid bit. Specifying in the general equatioks= k, ( 3.43 and 3.44) we obtain
(taking an initial phasen = 0):
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by = Zavsin<4vnk> sin ((p+8vnk(i 1)> i€ {1%}

.21k . 47K . 27K : M
On = Zahsm<v> sin (thV (i 1)+V+A(R’h) i€ {1...5}

If we denote byAg the phase difference between the horizontal generatorgiaen that, = 2k, we
have toA@, = 2A@, the equations in function of the parameters of control ieing as:

ov = Avsin(@+28g(i — 1))

o =osin( g+ 80(i - 1)+ 57

Rotation in “U”  The vertical serpenoid is the same as in the principal cagmdgk, = 2. The
horizontal is a circular wave with a phase differencé&g@f.degrees:

by, = Za\,sin(%n) sin ((p+ 8Vn(i —1)) i€ {1%}

2an . . M
Pn = Vh3|n(qo+Am,h), i€ {1...7}

In function of the control parameters:

bu — Asin(@+28(i— 1)), i € {1%}

o= (o, 1 1.
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| Parameter | Description | Range |
M Number of modules (vert+horiz) M>8
a Winding angle a < amax< 120
k=kq Number of undulations (horiz) ke[1,M/8]
A Horizontal generators amplitude A< Anax< 90
JAY() Horizontal generators phase differencég < (—180,180)

Table 5.4: Range of values of the parameters of the mairioatgait for the discrete apodal robots

5.8.8.2 Minimum number of modules

Main movement Given thatk, = 2k, the limitation in the number of modules will be caused by the
vertical serpenoid wave, in which it will reach the maximuatue ofA¢@, = 180 before it does in the
horizontal. The relation between the vertical phase difiee and the number of vertical undulations
kv is given by the equation 3.45. Putting it in functionkof

For the maximum value oh@, = 180 degrees, the minimum value Bf/K is 8. The minimum
number of modules will be fok = 1 (so that the equations for calculating the serpenoid danes
are applicabl& cannot be less than 1), which gives us a minimum value of 8 tesdurhat is to
say that the 8 module apodal robot is that which has the lessber of modules and that can rotate,
using a principal type movement and wikk= 1.

Rotation in “U”  As is shown in chapter 6, the configuration pitch-yaw-pit€tthoee modules is
capable of carrying out the rotatioM(= 3). The value ok, to apply is equal to 1. It is one of the
advantages of this movement, that it permits the configumatof less than 8 modules to rotate. The
value ofky to obtain it must be less than 2.

5.8.8.3 Limitations

The parameterf anda have the same limitations as was the case of movement iniglsttme
(section 4.3.2.4): limitation by geometry and by the seruffds. Because of this, in general it is
verified thator < amax < 120 andA < Anax < 90 wherea, andA, are given for the equations 4.6 and
4.7. These equations have to be applied bearing in mindhket faréM /2 horizontal modules.

Inthe table 5.4 there is a summary of the range of values qfahe@meters, for the principal movement
of rotation.

For the case of secondary movement, the paransgtesrfound between 0 and 360.
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5.8.8.4 Summary

A pitch-yaw type of robot oM modules can rotate parallel to the ground in both a clockwarss
an anticlockwise direction. This movement is not found itun@ and, as far as we know, has not
previously been implemented by other investigators. Tvpe$yof rotation have been discovered:

1. Rotation in “S” (principal movement). It is obtained by means of the supgtjpm of two
serpenoid waves in which the vertical one has twice the nummibendulations than the hori-
zontal one and the two waves are in phase. The resulting wawa isomorphic and to ensure
stability it has to be of the plane type. Itis valid for any oblvith M > 8.

2. Rotation in “U” . It is obtained by means of the superposition of a serpenaicevon the
vertical articulations and a circular one on the horizoatéitulations. It has the advantage of
allowing the rotation of robots with few modules. It is vafat any robot withM > 3.

5.9 Case study

We will apply all the ideas developed to describe the five Kinflmovement presented to the case
of an 8 module robot of pitch-yaw type, of which 4 modules asézontal and 4 vertical. We will
calculate its movement at different working points thal b verified in the chapter on experiments.

5.9.1 Locomotion in a straight line
5.9.1.1 Range of values of the parameters

All the parameters are shown in the table 5.5. The valudd,gfandk, are obtained from the table
4.1 substitutindM for 4 (there are only 4 vertical joints).

5.9.1.2 Shape and control spaces

The shape and control spaces are shown in the figure 5.50.t#dsmbots’ aspect has been drawn
for the selected working points and for a phgse 0.

It is always verified thaM,, < M, therefore in the shape space there is only the region ofdirait
I. There are no geometric limitations. From the equatiobsatd 5.3 it is found that the maximum
value for the amplitude is 90 and for the winding angle:
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| Parameter | Description | Range |
M Number of modules M=8
|Aqy| Vertical phase difference |Agy| € 90,180
My Number of vertical modules per undulation My € [2,4]
ky Number of vertical undulations kv € [1,2]
Alnax Vertical generators Maximum amplitude 90
Ay Vertical generators amplitude A, € (0,90
Oy Maximum vertical winding angle # <120
oy Vertical winding angle ay eVl[JO, Ovinaxd
Mus Frontier of the locomotion region im 2
Ags Limit of the locomotion region ifH; Ags=180.
L Module length 7.2cm
d Block length 2L
do Length of the block’s left arm L/2

Table 5.5: Parameters and their range of values for the wiiedkl of an 8 modules pitch-yaw apodal
robot when moving in a straight line.

e~ Vertical module

Control space Shape space

=== Horizontal module

A o A
A
C D L] L]
%0 L (90,90) (180,90) \./ \. /V
E g - ~ B
(135,45) @ mm== o et oB 4 @ mm=m o
Ad [(2.7,24.4) A

I (90,20) AD (4,141) M
0 > L vu

0 40 90 140 180 2 4

Figure 5.50: Shape and control spaces for the case study robo
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[ Working point [ av [ ki [Mw [A [A@ [ an [ kn | An |

Point A 141} 1 4 120090 | 0| -] O
Point B 2441 15| 27 |45|135| 0| -] O
Point C 63.6| 1 4 19090 | 0| -] 0
Point D 45 2 2 90|18 0| -0

Table 5.6: Selected working points for the locomotion inraight line of the case study apodal robot

45

ahmax =
sin(M—’L)

The maximum value for this winding angle is obtained¥&f, = 4 and is 63.6 degrees.

The minimum value foAg, is calculated from the equation 3.45 itemising kpr= 1 andM = 8.
The range of variation is between 90 and 180. Lesser val@as3f will mean thak, < 1 and the
equations will not be valid.

The locomotion region is restricted to a straight line. Butitithe phase difference of 180 degrees,
therefore there is no locomotion. Therefore, the conditbetability is not fulfilled for any of the
working points. To smooth the oscillations the parameatemust be sufficiently small.

5.9.1.3 Stability and locomotion

The robot does not move with a statically stable movememynod the working points. In the figure
5.51 the wired model of a robot is shown moving when it usesvitiking point A k= 1,ay = 14.1).
From the phase = 90 degrees the robot is unstable and will lean to the left. 8ffects of this
inclination are in reality very small due to the fact that fagameten, has a low value. Despite this
unstableness, the robot is capable of moving.

5.9.1.4 Selected working points

The selected points for carrying out the tests and expetisrame shown in the table 5.6 and have
been drawn in the shape and control spaces in the figure 5/ pdints A and B are used in the
chapter of experiments for the simulation and locomotioa céal robot. Point C is where the robot
reaches the maximum height and point D that which has thaagteaeight with the largest number
of undulations. In this last point there is no locomotion.
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Horizontal module

o Vertical module
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Figure 5.51: Locomotion in straight line of the case studyotan the working point A
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| Parameter | Description | Range |
M Number of modules M=8
|Aqy| Vertical phase difference |A@,| € [90,180
My Number of vertical modules per undulation My, € [2,4]
ky Number of vertical undulations kv € [1,2]
Alnax Vertical generators maximum amplitude 90
Ay Vertical generators amplitude A, € [0,90]
Ovmax Maximum vertical winding angle # <120
ay Vertical winding angle ay GVTO, e
Ohax Maximum circular arc angle Opya = 360
ah Angle of the horizontal circular arc an € [0, )
Anax Horizontal generators maximum amplituge 90
An Horizontal generators amplitude A, € 10,90
L Module length 7.2cm
d Block length 2L
do Length of the block’s left arm L/2

Table 5.7: Parameters and their range of values for the wiiekl of an 8 modules pitch-yaw apodal
robot when moving in a circular path.

5.9.2 Circular path
5.9.2.1 Range of values of the parameters

All the parameters are shown in the table 5.8. Those thaespond to the vertical serpenoid are
equal in the case of locomotion in a straight line. Ms= 8 no geometric limitations are produced
and from the equations 5.2 and 5.3 we hayg, = 360 andAy,,, = 90.

max

5.9.2.2 Stability

Given that the number of modules of the robot in the case sisidigss than 14the principle of
minimum number of modulder the circular path is not fulfilled and the locomotion wilbt be
statically stable. Oscillations will exist in the movemelute to the fact that the supporting points
change alternately. In these cases, to guarantee that &trgalised correctly the vertical winding
angle has to be small so that the height of the robot is verytodhe ground and the oscillations are
small. On the other hand, the smaller thatis, the smaller will be the step taken by the robot.

5.9.2.3 Working points

The selected working points are shown in the table 5.8 andlhpe of the robot when they are
applied is drawn in the figure 5.52. The vertical serpenoidena the same in all of them, with a low
valueay. The difference is in the radius of the curve. At point C ithe tmaximum possible. The
robot adopts the shape of a square.
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| Working points | av [ kv [ Mw [ A/ [ A@ | an [ An |

Point A 12| 13| 31| 20| 120| 90 | 22.5
Point B 121 13| 31| 20| 120| 180 | 45
Point C 12| 13| 31| 20| 120| 360| 90

Table 5.8: Selected working points for the locomotion inrawar path of the case study apodal robot

em=@u=s Horizontal module

/ Vertical module

e

v .
Point A Point B Point C
0,=90 0, =180 o, =360
X

Figure 5.52: Case study robot shape for the selected wopdirds
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| Parameter | Description | Range |
M Number of modules M=8
Apy Vertical joints phase difference Ap, =0
ky Number of vertical undulations ky=0
Ag, Horizontal joints phase difference A@, =0
kn Number of horizontal undulations  k, =0
Omax Maximum corporal axis arc angle amax= 360
Omin Minimum corporal axis arc anglg  amin = 30
a Corporal axis arc Angle a € (30,360
Amin Minimum amplitude Amin=7.5
A Generators amplitude A€ [7.5,90
I Robot length 57.6cm
H Module width 5.2cm
L Module length 7.2cm
d Block length L
do Length of the block’s left arm L/2

Table 5.9: Parameters and their range of values for the wiiedkel of an 8 modules pitch-yaw apodal

robot when rolling

[ Working points | o [ A [Agn | @ |

Point A 120 30| 90 | 90
Point B 180| 45| 90 | 90
Point C 240 60| 90 | 90
Point D 36090 90 | 90
Point E 32 | 8 90 | 90

Table 5.10: Selected working points for the rolling gaittod tase study apodal robot

5.9.3 Rolling

5.9.3.1 Range of values of the parameters

All of the parameters are shown in the table 5.9 M\s- 8 no geometric limitations are produced and
from the equations 5.2 y 5.3 we hawgax = 360 andAmax= 90.

Applying the equation 5.21 for the valuks- 57.6 andH = 5.2 ensures that the minimum angle of
the corporal axis, to produce the rolling movement, is ofragjpnately 30 degrees. This gives a
minimum amplitude for the generators of 7.5 (eq. 5.22).

5.9.3.2 Working points

The selected working points are shown in the table 5.10. ®betis shape when it moves according
to the working point B is shown in the figure 5.53. The point Dresponds to the maximum possible
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=0 D=45 =90 ®=135 D=180

>y 4 A A

Figure 5.53: Robot Movement for the working point B

value ofa. In this situation the robot’s body goes alternating betwaequare and an octahedron.
Rotation around the corporal axis exists, but there is noanmant.

In the point E the robot rolls with the least angle possiblesder values will mean that it realises a
sideways movement.

5.9.4 Sideways movement

5.9.4.1 Range of value of the parameters

All the ranges of the values for the different parametershso the robot can move with the three
types of sideways movement are summed up in the table 5.11.

5.9.4.2 Working points

The selected working points are shown in the table 5.12. Thetfio use the principal movement,
with values ofk of 1 and 1.5 respectively. The point C is an inclined movenétit k = 1 and a
winding angle of 60 degrees (approximately) The last is gffagptype movement.
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| Parameter | Description Range

M Number of modules M=8

L Module length 7.2cm

H Module width 5.2cm

Main sideways movement
wave Plane isomorphous k=ky=ky

k Number of undulations ke[l,2]

g—; Serpenoid coeficients ratio g—x -0
Muh Horizontal modules per undulation Muh € [2,4]
Omax Maximum winding angle OMax = —22— < 63.6

sm(ﬁ#)

a Winding angle.a ~ ay, a € [0, Omax
A@n Phase difference between the vert. and horiz. waves |A@| € [0,90]
A Phase difference |Ag| € {0,180
Amax Horizontal generators maximum amplitude Amax= 90

A Horizontal generators amplitude A€ [0,90

Inclined sideways movement
wave Linear isomorphous k=ky=ky
JAY() Phase difference between the vert. and horiz. waves  |A@n — 0
k Number of undulations kel1,2]
Omax Maximum winding angle OMax = ﬁ <1176
a winding angle.a = ,/a? + a2 a € [0, Omay
B Inclination angle B € 10,45
Flapping
wave Superposition of equal circular waves k=k,=ky,a=0ay=ap
k Number of undulations k=0
Omax Maximum Corporal axis’ arc angle Omax= 30

a Corporal axis’ arc angle a €10,30
Ag Phase difference between the vert. and horiz. waves Ap=0
Amax Generators maximum amplitude Amax= 7.5

A Generators amplitude A€ [0,7.5

Table 5.11: Parameters and their range of values for thedwiredel of an 8 modules pitch-yaw
apodal robot when performing sideways movements

| Points | av | an [ kv | kn [ A@n | Av | An | Aw [ A, |  Description |
PointA | 141|283 1 1 90 [ 20(40| 90 | 90 Main movement
PointB | 10.8| 21.6| 1.5| 15| 90 | 20| 40| 135| 135 | Main movement
PointC | 424|424 1 1 30 [ 60| 60| 90 | 90 | Inclined movement
PointD | 28 | 28 | O 0 Q0 | 7 | 7 0 0 Flapping

Table 5.12: Selected working points for the sideways movesaf the case study apodal robot
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| Parameter | Description | Range
M Number of module M=8
L Module length 7.2cm
H Module width 5.2cm
Main rotating gait
wave Non-isomorphous plane ky = 2kn
k Number of horizontal undulations k=1
ky Number of vertical undulations ky=2
g—‘h’ Serpenoid coefficients ratio g—; —0
Mun Horizontal modules per undulation Myh=4
Omax Maximum winding angle OMax < 63.6
a Winding angle.a ~ ap, a € [0,amay
A@n Phase difference between the vert. and horiz. wavéA@| € [0,90]
Ao Horizontal generators phase difference |Ap| =90
Ag, Vertical generators phase difference |Agp| =180
Amax Horizontal generators maximum amplitude Amax= 90
A Horizontal generators amplitude A€ (0,90
Rotation in “U”
wave superposition: serpenoid + circular —
JAY() Phase difference between the vert. and horiz. wavedA@,,| = 90
k Number of horizontal undulations k=0
ky Number of vertical undulations ky <2
Omax circular arc maximum angle Omax = 360
a Circular arc angle a € [0,amay
A Horizontal generators amplitude A€ (0,90
Ag, Vertical generators phase difference. |Ag,| = 180

Table 5.13: Parameters and their range of values for thedwiredel of an 8 modules pitch-yaw

apodal robot when rotating
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| Points [ av | an | kv | kn [ A@n [ Av ] An | Aw | Ag | Description ]
PointA | 15 | 28.3| 2 1 0 30| 40| 180 | 90 | Main movement
PointB | 5.3| 34 | 1.6 0.8 0 10 | 40 | 140 | 70 | Main movement|
PointC | 10 | 160 | 2 0 90 | 20| 40| 180 | 90 | Rotationin“U”

Table 5.14: Selected working points for the rotating gaithef case study apodal robot

5.9.5 Rotation
5.9.5.1 Range of values of the parameters

All the range of values for the different parameters so thatobot can move with the three types of
sideways movement are summed up in the table 5.13.

5.9.5.2 Working points

The selected working points are shown in the table 5.14. Thetfvo correspond to the inclined
movement, with values dfof 1 and 0.8 respectively. The point C is of secondary type.

5.10 Principles of locomotion

We sum up the locomotion of the discrete apodal robots of ttod{yaw group when sinusoidal
generators are used in 11 fundamental principles of locimmot

1. Principle of the sinusoidal generators An apodal robot oM modules, with pitch-yaw type
connection in which the vertical and horizontal joints arad® to oscillate periodically using
sinusoidal generators is capable of carrying out at leastdimilies of movement: straight line,
circular path, rolling, sideways movement and rotation.

2. Principle of the superposition of waves The movements within the different families are
obtained by means of the superposition of two dimensionaé®n the vertical and horizontal
joints, that are propagated in the same direction. A threedsional wave appears that passes
through the robot's body making it move.

3. Principle of movement direction. The direction of movement is determined by the direction
of the propagation of the corporal three-dimensional wewech at the same time depends on
the phase difference between the horizontal and verticaésva
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. Principle of shape characterisation The shape of the robot when it moves is characterised

by the three-dimensional wave that appears as the resutiec$uperposition of the two di-
mensional waves, that can be serpenoid or circular waves. colporal wave is defined by
the parameters of the two dimensional waves plus the ph#feeetice between them. The
serpenoid waves have two parameters, the winding anglehanaumber of undulations; and
the circular ones only the angle of the arc.

. Principle of the flat wave. In general the stability of all the movements is obtainedraking

sure that, compared to the horizontal, the vertical wavaisimetera is as small as possi-
ble. In this case the three dimensional wave is “flattenedthe robot’s dimensions can be
approximated to those of the horizontal wave.

. Principle of movement in a straight line. If the vertical wave is serpenoid and the horizontal

joints remain in their positions of rest, with a turning amgif zero degrees, the robot’s lo-
comotion will be in a straight line and all the principles afeodimensional locomotion will

apply.

. Principle of the circular path. If the vertical wave is serpenoid and the horizontal one is a

circular curve (whose bending angles do not depend on theeptibe robot will perform a
movementin a circular path of an angle equal to the parametéthe circular curve.

. Principle of rolling movement. If two circular waves with a 90 degree gap between them and

with the same parameterare superposed, the robot will turn around its corporal argsroll
along the ground. The value af must be greater than a given threshold.

. Principle of sideways movementGenerally sideways movement is obtained by means of the

superposition of two serpenoid waves that have the sameeuwhbndulations. What is more,
for robots with a square section two types of movement apjreined and rowing.

Principle of rotation. Generally rotation is obtained by means of the superpositf two
serpenoid waves in which the number of vertical undulatisrdouble that of the horizontal
ones. What is more rotation can be in the shape of a “U” if thézlbatal wave is of the circular

type.

Principle of parameter a. The increase of the parametemeans that the step of the different
gaits increases, except in the rolling movement, wherecitaeses.

5.11 Conclusions

In this chapter the problem of the apodal robots’ locomotiora level homogeneous surface, free of
obstacles, controlled by sinusoidal generators, has bddnessed.
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We proposea methodologyto resolve this problem, based on finding gaits by ugjegetic algo-
rithms and characterised by the subspack.ofThe steps to follovto resolve the direct and inverse
kinematics from these subspaces are also presented and the equatibjwrttiheir working points
with the robot’s dimensions and the kinematic parameters.

The gaits are characterised by the equations of their agsdcsubspaces, that establish the relation-
ships between the five parametays ay, ky, kn, A@n. The number of free parameters we aEbrees
of freedom of movement.

The mechanism that allows the robot’s locomotion is the gereee of dhree-dimensional corporal
wave that is the resultant of theuperposition of the two-dimensional waveshat are applied to
the vertical and horizontal joints. Studying the corporalves allows us to discover, during the
movement, the robot’s dimensions and support points wiheredbot makes contact with the ground
that give it stability, and also to deduce the equations @ekihematic parameters.

Applying the methodology proposéddifferent gaits have been foundgrouped in five categories:
straight line, circular path, rolling, sideways movememd aotation. The equations of characterisa-
tion have also been obtainedll the movements have been confirmed by means of simulations
and their application to real robots.

Three new gaits have been discoverdtiat, as far as we know and understand, have not been studied
previously nor implemented by other investigators. Theythe sideways inclined movement and
two types of rotation. These last mentioned are very impoda they allow the robot to change the
orientation of its longitudinal axis, and be able to faceny direction.

The control model based on simplified CPGf sinusoidal type generators is not only valid for
one-dimensional movements, but is alsable for two-dimensional locomotion of pitch-yaw type
modular robots, with a number of modules equal to or greater than a minimulmevaWhat is
more, it is not only viable, but it also allows a variety of neowents sufficiently large enough that the
superior level of control can direct the robot to any pointhe surface, with whichever orientation
and employing different paths.

The straight line and sideways movements allow the roboe&xh whichever point (x,y) of the
ground. By means of rotation, also, they can point in anyatiive. The rolling movement guarantees
that the robot can recover its initial position if it turnsamyin the same way that caterpillars can right
themselves if you turn them upside down. The robot will beeablso, to move in circular paths
that allow it to rotate, go round obstacles or, using themomlgination with other movements, to
complete more complex paths.

From the shape of the three-dimensional wave the gaits\ksed have been studied in detail. They
have between 1 and 3 degrees of freedom. fMlogement in a circular path is obtained by the
superposition of a serpenoid wave on the vertical artiadatand a circular curve on the horizontal
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ones. It has three degrees of freedom, the angle of the ahe gfath and the parametersaandk of
the vertical serpenoid.

Therolling movement is characterised by the superposition of two equal circwkares and a gap
between them of 90 degrees. It has only one degree of freedtinspecify the angle of the body’s
arc. If the robot has a square section, the threshold vahseappears, that allows it to fulfil the
movement for greater values aft If they are less what is obtained is th@pping sideways move-
ment. An expression for the step has been obtained that showi theireases with the increase of
a.

Thenormal sideways movemenis that which is known as side-winding. This is charactetisgthe
superposition of two serpenoid waves with the same numbendfilations. The three-dimensional
wave is of the isomorphous type as it does not vary its shapegltihe propagation. This causes the
contact points with the ground to always be in the same velatdsition to the wave, and two points
will always be separated the same distahcét has two degrees of freedomandk that correspond
to those of the horizontal wave. This movement can be impheetkin itsinclined versionin which

a new parametefi, appears to specify this inclination. In both movementstt®t’s step increases
with a.

The rotating movement allows the robot to change the orientation of its longitadliaxis, Two
variations exist, the rotation in S and in U. The first is cletgesed by the superposition of two
serpenoid waves and the second one by that of a serpenoidcinedlar one. Both have two degrees
of freedom and the rotated angle increases with the paramete

Finally, the same as in the case of locomotion in one dimensit the principal ideas have been
summed up in somgrinciples of locomotion(section 5.10).



Chapter 6

Minimum configurations

"The bottom line is that us scientist are lucky: we can playlaat we love all our lives.”

—Lee Smolin. Theoretical physicist and cosmologist

6.1 Introduction

In this chapter we present and resolve the problem of themmim configurationsto find the mod-
ular robots with the least possible number of modules thatcapable of movement in one and two
dimensionsand to decide what values are to be applied to their paransdateachieve the different
gaits

We begin by introducing the previous ideas and why the mininconfigurations are so important.
Next we present the problem and propose a methodology ttvessoThen we describe the two min-
imum configurations found and the different gaits that caederuted. Each one of them is studied
in detail, proposing equations to obtain the step. Fin&ly/ileas are summed up in 5 principles of
locomotion.

6.2 Modular robotics and minimum configurations

The study of the minimum configurations was presented fofitietime by the author of this thesis

[43] in 2005. It is a new idea that, as far as we know, had notipusly been implemented nor

studied by other researchers. In the following sections escidbe the reasons why the minimum
configurations are important and some of their applications
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1) The modular robot is moving 2) Division into AUMs 3) AUMs dispersion

D
O

C D OO OO

— OO

Atomic Units of
Movement (AUM) AUM coverage area

Figure 6.1: Application of a self-reconfigurable modulasebfor maximising the coverage area

6.2.1 Atomic Unit of Movement (AUM)

In the field of modular robot locomotion the minimum configimas constitute an Atomic Unit of
Movement (AUM). They are the robots with the least number ofioles and that can move in one
or two dimensions.

The self-configuring modular robots are those that have dpadity to change their form by means
of connecting and disconnecting their modules. These sataot divide themselves into smaller sub-
robots. The division can continue while their parts are gethan or equal to the AUM. If one of the
modules of an AUM separates, it will not be able to move, thefesing its autonomy of movement.

If the minimum configurations are knownpagiori the maximum number of autonomous sub-robots
(N) that can be obtained from a modular robotMéfmodules are known. It will be given by the
relation:

M
Mmin

N (6.1)

whereMmin is the number of modules of the AUM.

The maximisation of the number of robot parts is importath&applications where it is necessary to
maximise a certain coverage area. In them, each AUM will ls@resors or communication systems
that have a range or coverage. By means of the dispersal thieaUM this range is increased. In
the figure 6.1 an example of this idea is shown of a self-configunodular robot oM modules
that is initially placed in the zone and can move through iiiluhreaches its goal. It has been
represented by means of a star to indicate that it could amlopshape for the locomotion, as for
example a quadruped, that would allow it to overcome theamlest more easily. Once the arrival
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point is reached, the robot divides intbatomic units, each one of them would be of a minimum
configuration. In this way, the numbBrwill be maximum (eq. 6.1). Following this each one of the
AUM disperses over the zone increasing the area of cove@ugee the mission is finalised, they join
together again forming the initial robot and abandoningtbek zone.

6.2.2 Maximisation of energy efficiency

Mark Yin in his doctoral thesis [163] defined movement effici of modular robots as the energy
necessary to move a unit of distance. He proposed an eqbiationeasure the efficiency of the
different gaits and to be able to decide which is the besthisiformula the efficiency is inversely
proportional to the number of modules. Because of this, ¢élaef the number of modules, the more
efficient will be the movement.

Given that the minimum configurations are those that havdehst possible number of modules,
they will be thereforehe modular robots with the greatest energy efficiency They can move
the maximum distance consuming the minimum of energy. Thif ispecial interest in the space
exploration applications, where modular robots are wafateelxploring other planets [170][130][84].

6.2.3 Analysis and synthesis of gaits

The knowledge of the minimum configurations and the co-aiilim to achieve their movement can
be applied to the study of the movement of other modular liot their analysis or their synthesis.
We propose the idea of identifying parts of the study robath #he minimum configurations and
thereby being able to analyse their movements using the lenio® gained from them.

As is shown in the section 6.4, the minimum configuration tovenim one dimension is constituted
by the union of two pitch joints. Any modular robot in which ianflar structure is identified, can
be object of study from the perspective of the minimum coméigian. In the figure 6.2 an example
applied to the robots JL-1[181] and M-TRAN 111[105] is showhhe first is a self-propelled modular
apodal robot, in which its modules are mobile units that aopelled by means of caterpillar tracks
(see section 2.4.5). When three of its modules join togdtrering a chain, its structure is identified
as that of a minimum configuration: three segments unitedwy gitch type joints. Therefore,
applying the co-ordination studied for it, it becomes pblesfor JL-I to move by means of corporal
movements, without using the caterpillars. This gait hatdomeviously been foreseen by its creators
[178].

The modules of the M-TRAN robot has two degrees of freedomagain can be identified with
the minimum configuration of type Pitch-Pitch. Because df,tthese modules are on their own an

1The equation can be found on page 96 of his thesis
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JL-I

Study of the movement
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— B ——
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1 Robot locomotion using the

Figure 6.2: Example of the analysis of the movement of theé dhe M-TRAN robots using the

minimum configurations
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Figure 6.3: Studying the locomotion of an 8 module apodabtaising the minimum configurations

AUM. In the papers that describe these modules there are mtioneof this property and neither
have experiments of locomotion using only one module beeteckout. They are designed with two
degrees of freedom so that there are 6 surfaces of interection with adjacent modules to be able
to form solid structures. Nevertheless, using the techm@fuianalysis proposed it has been deduced
that they are an AUM.

Another example of the use of this technique can be appligdedocomotion of the pitch-pitch
group of robots, as is shown in the figure 6.3. An 8 module ra@laot move as explained in detail
in the chapter 4, using waves that are propagated througbdg Nevertheless, different minimum
configurations can be identified. If the joints 3 and 7 arena®reference and the rest remain in the
state of rest (with a bending angle of zero degrees) the amafiign 1 is obtained. The robot is now
equivalent to a minimum configuration where the propulstoolitained only by means of two joints.
Two other configurations are also shown, that of the 2 and e ®btained by taking as reference
the modules 2 and 7 for one and 1 and 8 for the other respactivel

What is more, this technique is very useful in being able mdig identify if a specific configura-
tion of a modular robot can move. In the figure 6.4 a modulaot@dshown with two-dimensional
topology and in the form of a cross. All the joints are pitcpey It would be right to ask is if this con-
figuration can move. To discover its movements the techrifigenetic algorithms could be applied,
the same as has been used to discover the gaits of apodad afttbé pitch-yaw group. But a rapid
analysis can also be made obtaining the wired model andifgi@gtthe minimum configurations. It
is seen that the robot is made up of two of them, one orientatetiex axis and the other on the
axis. Therefore, it seems that this robot can move indepehlydier each one of its axis applying the
co-ordination found for the PP configuration. What is maregems logical to think that if the two
movements are superimposed at the same time, the robot wi# fim a diagonal direction. These
“intuitive” ideas allow mechanisms of co-ordination to bietained: candidates for their future trial
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Figure 6.4: Studying the locomotion of a 4 module configurain a cross, using the analysis of
minimum configurations

in experiments with simulators or real robots. As in the a#dbe cross configuration.

6.2.4 Design and testing of the modules

In modular robotics the design is centred on the moduleslaadabots are constructed from them.
During the design phase and testing at |&&st, prototypes of modules will be constructed and with
them a minimum configuration created and tested to see if tamoorrectly. This means that only

the prototypes needed for the tests will be constructedpikgedown the design costs. The same
occurs in the simulation tests, in which it will have to bey®d that, at the very least, the minimum

configuration can move.

When designing modular robots for certain applications,nttinimum configurations can be used as
design criterion. For example, as in the case of the M-TRADbtpif the module is designed with
two pitch-pitch joints, it will be in and of itself an AUM.

In the applications of self assembling after an explosiof8]Jproposed recently by Mark Yim and
his team (more information in the section 2.5.4), the mimmeonfigurations must be taken into
account. There are two alternatives. One is to construcAthd from the existing modules, with
strong unions between them (using bolts, for example). Betwthe different AUM the unions should
be reversible, in such a way that on receiving an impact teyseparate without suffering damage
(using permanent magnets, for example). The other optitmdenstruct modules that of themselves
form the AUM and therefore can move. A module will be constedcequivalent to a minimum
configuration.
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6.3 Problem to be resolved

6.3.1 Exposition

The problem is to find the configurations of apodal robots wWithsmallest number of modules that
can move in one or two dimensions. Therefore the minimumiplessumber of modules necessary
Mmin must be found and then the problem of co-ordination be residly achieve movement.

The solution for the co-ordination does not have to be vabi for the general case 1 modules,
but only for the configurations d¥l,i; modules. This is why they are not described using global
waves nor characteristics related to the shape of the rehapé space) but we will go directly to the
control parameters of the spadésandH,. These solutions will be points within these spadds.

for the configuration PP artd, for the PYP.

6.3.2 Scheme

The scheme to approach the problem is similar to that prapimseesolve the locomotion of apodal
robots in two dimensions (section 5.2), excepting that n@ararol space is employedHf) instead

of a shape spacéy). The scheme of the presentation for the locomotion in twioattisions suggested
in the figure 5.1 is equally applicable to this case. Eachigaissociated to a control subspace that
we will call G;. These are characterised by some parametric equationsstadlish the relations
between their parameters, determining the degrees ofdne@d the gait.

The dimensions of the robot during the movement as well agittenatic step parameters and the
angular step will depend on the chosen working peinthey will be defined by the functiors; (p),
lyi(p), hi (p), Ay andAr; (p), that depend on the spaCGe.

6.3.3 Methodology

The methodology is similar to that presented in the secti@mB5 The only difference is that when
discovering the gaits it has to be done on the configuratidtis different quantities of modules,
beginning withM = 1.

1. Discover the gaits of the configuration with modules

(a) IterateM; from 1 until the solution is found

(b) Find the gaits of the configuration bfi modules.
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(c) If the solutions are foundd; is the minimum configuration. If not increas and return
to point (b).

2. Characterise the control subspaGgs

3. Validate the results in simulation and with real robots.

4. Obtain the equations of the robot’s dimensidwg(p), ly; (p), h;j (p)), for each subspadg;
5. Obtain the equations of the kinematic paramet&ys andA_rj> (p)) of each subspace.

6. Resolve the problems of the direct and inverse kinematics

6.3.3.1 Search for solutions

The control spaceél, has to be explored to find the different gaits for each one @ttinfigurations
of M; modules. To do this, start from the configuratiolf= 1 and then go increasing the number
of modules. This process is carried out until the first conmfigion is reached that is able to execute
various gaits.

The way to carry out the search for a configuratiodpimodules is by means of genetic algorithms,
in a similar way as was indicated in the section 5.2.3.1.

Another way of approaching the problem would be to use thet@algorithms in which the geno-
type contains the information on the number of modidgsvhich would allow, at the same time, the
investigation of robots with different numbers of modulestead of having to iterate di;, search-
ing for solutions for each one of them. The second solutiantieen chosen because it is known a
priori thatM is going to be a small value.

In the case of movement in a straight line it is known that theimmum number of modules that
enables the robot to move in a stable way, by means of globasisM =5 (4.4.5.3). For this
reason, it is only needful at the worst to test a maximum ofrffigarations to find one that can move
in a straight line. The same happens for the sideways moviemleere it is guaranteed that fist > 6
the robot can move (5.7.10.3). In the case of rotation theemant is guaranteed fii > 8.

Therefore, in the worst of situations, to find the minimumabthat can move in all these gaits, a
maximum of 7 configurations would have to be tested. We haeseamthe iterative algorithm as
being the simplest to implement and allow, even to carry batiterations, executing sequentially
the search program manually: first with= 1, then withM = 2, etc. or executing the 7 program in
parallel.

If it were not known apriori what the number o is, then the option of codifying the number of
modules in the genotype would be more efficient than a se@lisparch.
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6.3.4 Kinematics

The steps to resolve the problems of the direct and inverssniatics are similar to those employed
for the case of the locomotion of apodal robotdwimodules (section 5.2.4), but without the need
to execute transformations between the sgacandH,. Given that the search space is directly the
control space,, the steps become simplified.

6.3.4.1 Direct kinematics

Proposition Given a point P of the control space lthat determines the parameters of the sinusoidal
generators (& An, A@,, Agh, A@yn) define the type of movement, its kinematic parameters and
its dimensions.

We will denominate the spacgto the union of all the subspac€s. The steps to follow are:

1. If Pis NOT inG it is an invalid point. These parameter values are incoardtwill not cause
movement in any of the foreseen gaits.

2. If P belongs toG it will be a valid point. Determine the subspaGe to which it belongs,
testing to see if it fulfils the equations that characteris&\ith this we will know the type of
movement that the robot will carry out.

3. Apply the equations of the dimensiohgP), Iy, (P), hi(P) and of the kinematic parameters
Ar;(P) andAy (P).

6.3.4.2 Inverse kinematics
Proposition Given some restrictions in the kinematic parameters anth@dimensions of the robot,

and knowing the type of gait, find the parameters of the geoerghat have to be applied.

The general steps are as follows:

1. Obtain the spacg; associated to the gait.

2. Apply the restrictions and partition the subsp&geOne of these partitions will be the space
solution.
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Figure 6.5: The minimum configurations PP and PYP
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Figure 6.6: Control model for the PP and PYP minimum confions

6.4 Configurations PP and PYP

6.4.1 Solutions found

Following the methodology described in the section 6.3e3rttinimum configurations are the two
shown in the figure 6.5. We call them configuration PP and PYtehjpitch and pitch-yaw-pitch).
The first is made up of two pitch type modules. It can move imaight line, forwards and backwards.
The second is formed by three modules. Those at each endehaype modules and the one in the
middle is yaw. It can move with at least five different gaitsatson 6.3.3).

6.4.2 Control models

The control model is based on the sinusoidal generatoredated in the section 3.5, particularised
for the configurations of two or three modules. The genefas® of control is shown in the figure



6.4. CONFIGURATIONS PP AND PYP 247

6.7.

6.4.2.1 Configuration PP

Two generators are used. The bending angles are describvaddnys of the equations:

¢1=Asin(9)

. (6.2)
92 = Asin(@+Ag)

The control spackl; has two dimensions, the same as in the case of the apodasnetiota greater
number of modules. The points are the paksAg).

6.4.2.2 Configuration PYP

Three generators are employed. Two of them for the contrdhefvertical joints and one for the
horizontal ones. The bending angles vary following the &qoa:

¢1=Avsin(p)
$2 = Ansin(@+Aqn)
¢3 = Assin(@+Aw)

The control spacel; is formed by 4 parameters,,An, A@, andA@,,. The parameteh@, makes no
sense, as it only exists one horizontal module. This spaséhemefore one dimension less than in
the general case of the robots’ movement of the pitch-yawmodiM modules.

6.4.3 Kinematic models

6.4.3.1 Configuration PP

Geometry

The geometric and kinematic models of the PP configuratieskown in the figure 6.7. This config-
uration is formed by the union in chain of two modules of pitgpe. It has two joints, with bending
anglesp; and¢,, and three rigid segments of length&, L andL/2. We define the angl¢, as the
one that the left segment forms with the horizontal and deitezs the orientation of the robot.

For kinematics study we are interested in four points: the éxtremes (left and right) and the two
joints. We will use the nomenclatuRg, P;, P> andP; to refer to them. Their position vectors with
respect to the frame of referenGeare denoted byg, 7, 73 andT3.
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Point 1 Point 3 .
Joint 1 Extreme right 1
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Point 0 Point 2 Frames of reference

Extreme left Joint 2

Figure 6.7: Geometric and kinematic models of the PP cordigun
Frames of reference

We will employ four different frames of references that anewsn in the figure 6.7. The franf&s is
situated orP, and itsyg axis is parallel to the ground. The frarRg is on Py with its yp axis along
the length of the left segment of the robot. It is rotated agiagg with respect tdRg. R; andR; are
on the point$?; andP, respectively. The first is rotated an anglewith respect tdxy and the second
¢ onRy.

Position vectors and principal points

The position vectors expressed in the frame of refer&acare calculated in the following way:

rg=r3=0
—>
=1 =H2rd 63)
1 =12 = HgHir:

WhereHZ represents the homogeneous transformation of the framefefencea to b. They are
matrices that are given by the rotations of thaxis and the movements in tlyeaxis. They are
expressed with the notation:

1 0 0 0 1 000

0 cosp —sing O 0 1 0y
Re(9) = . , Ty(y) =

0 sing cosp O 0 010

0 O 0 1 0 001

The matricesH? are calculated as follows:
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L

HQ = Ra(¢o), HE =Ty <5> Re(91), Hf = Ty (L) Rx($2) (6.4)

The vectorsr_g indicate the position of poird, referred to the framb. They are:

L. R L.
% = 5%, 2 = Ly, _§ =Y (6.5)

Substituting the expressions 6.5 and 6.4 in 6.3 the positemiors are obtained of all the points
referred to the framBg.

Centre of mass

The expression for the centre of mass is obtained applym@disition vectors 6.3 previously calcu-
lated in the general expression of centre of mass of an apolat 3.4. Specifying foM = 2 we
obtain its expression:

—

fem= = (3F1+ 313+ T13)

@l =

Representation by means of complex numbers

The geometry of the configuration PP can be expressed by méanmplex numbers. We will take
the zy plane as the complex plane. The three segments that fornotifegaration we denote by
means of the complex numbegs z; andz. Its modules represent the length and its arguments the
angles that are formed with tlyeaxis. Its expressions are:

ZO — %ej(l’o
= Lej(¢0+¢1)
= %ej(¢o+¢1+¢2)

The angle that forms the right segment with yhexis is the argument of the complexand is equal
to the sum of the;:

arg(z2) = go+ ¢1+ 92 (6.6)

The points can be expressed by means of the addition of tloesplexes:
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Figure 6.8: Geometric and kinematic models of the PYP conrditpn
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PR=2+z7
Pr=n+z+2

6.4.3.2 Configuration PYP

Geometry

The geometric and kinematic models of the PYP configuratienshown in the figure 6.8. This
configuration is formed by the union in chain of two pitch typedules and one of yaw type situated
in the middle. It has, therefore, three joints, with bendargles¢; ,¢», and ¢3, and four rigid
segments of lengths/2L, L andL/2.

The principal points are five: the three joints plus the twmexes. We will use the nomenclatiRg
P1, P> ,Ps andPy to refer to them. Their position vectors with respect to tlaerfe of referenc®, we
denote byrg, 77, T3, 73 andT4.

Frames of reference

We will use four frames of reference, situated at the pdii$, P, P; andP, that we will callRy,
Ri1, Ro, R3 andRy. Also a frame of reference connected to the groRads needed that allows the
orientation of the robot to be specified.
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Position vectors of the points

The position vectors expressed in the frame of referéya@re calculated:

Tg=0

-
%=1 =HiG 6.7)
—_ 3 3

WhereHZ represents the homogeneous transformation of the framefefencea to b. They are

given for the rotations around theandy axis, and the movements in the axis. We will use the

notation:
1 0 0 0 cosp —sing 0 O 1 00
0 cosp —sing O sing cosp O O 010
RX(¢): . ’ RZ(¢): aTy(Y):
0 sing cosp O 0 0O 00 0 01
0O o 0 1 0 0 01 0 0O
The matricesH? are calculated as follows:
L
=Ty (5 )R8, HE =T R (2). HE =T (LR () 63
The vectorsr_g indicate the position of the poimtreferred to the framb. They are:
L. . . L.
% = EyOa ? = LYL g = LyZa g = §y3 (69)

R o< o

Substituting the expressions 6.9 and 6.8 in 6.7 the positemtors are obtained for all the points

referred to the framBg.

Centre of mass

The expression for the centre of mass is obtained applymg@disition vectors 6.7 previously calcu-

lated in the general expression of the centre of mass of asehpabot 3.4. Specifying favl = 3 the
expression is:
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Locomotion gaits

1) straight line 2) Circular path 3) Rolling

4) Sideways movement 5) Rotating
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Figure 6.9: Locomotion gaits for the minimum configurations

6.5 Gaits

6.5.1 Solutions found

Five gaits have been discovered for the configuration PY&igstt line, circular path, sideways move-

ment, rolling and rotation (figure 6.9). All of them are tdyalew and had not been implemented nor
studied previously because the subject of the minimum cordtgpns had not been dealt with until

now.

In thestraight line movementthe central module remains in the home positigp-€ 0) and only the
vertical joints move. Therefore the PYP configuration belsaas if it were a PP in which the central
segment has a greater length. In the section 6.6 the stlaighthhovement for the PP configuration
will be studied in detail. All the ideas will be applicablette PYP only re-calculating with a different
value for the length of the central segment.

Thecircular path movementis obtained making it move in a straight line but fixing theifios of
the central module to an angge distinct to 0, in a similar way to how it is done in the case af th
same type of movement for the apodal robotdaiodules.



6.5. GAITS 253

| Gait | Parameters | Degree of freedom] Characterisation |
Straight line (A L) 2 A=A, A =A@, An=0,A¢h=0
Circular path| (Ay,An,A@)) 3 A@n = 0. Central module does not oscillate
Rolling A 1 A=A, = A A@, = 0,A@n=90,A > Anin
Sideways A 1 A=A, A, — 0A@ =0,A@H=90,A < Ay
Rotating A 1 A=Ay A, — 0,A@ =180,A¢,n =90

Table 6.1: Summary of movements with their parameters gef freedom and the characterisation
of the control subspaces

The PYP configuration, despite having only three modulesajmble ofolling . This movement is
studied in detail in the section 6.7. The co-ordination & $me as the general case. The vertical
joints are in phase and the horizontal is out of phase 90 degre

The sideways movements of the flapping or “rowing” type. It allows the robot to mos&leways,
maintaining the same orientation. The co-ordination isshme as in the rolling movement. The
value of the amplitud@& determines if this movement is executed or that of rollireg{®n 6.8).

The rotating movement permits the robot to change its body orientation to pointtikad in any
direction (section 6.9).

6.5.2 Characterisation of the subspaceG;

In the table 6.1 all the gaits found for the minimum configimaiof PYP are summed up together
with their parameters, degrees of freedom and the chaisatien of the control subspacés.

The movement in a straight line has two degrees of freedore.i©the amplitudé that decides the
step and the other the phase differeAge that establishes the co-ordination between the segments
so that it carries out the movement. The central module nesrfaéed in its home positioA, = 0 and

the parameteA@,, is not used therefore is set to zero.

The movement with most degrees of freedom is that of the lar@ath. It is the same as in a straight
line but with one more parameter that specifies the arc arigfeegath. The central module does not
oscillate, it remains in its fixed position at a concrete ealifferent from zero.

The remaining movements all have one degree of freedom. diliegrmovement has the character-
istic that the two amplitudes, andAy, are equal, the vertical modules are in phase and the central
one out of phase 90 degrees. The param&tdefines the arc angle that the robot adopts during its
movement. So that it can carry out this moveménhas to be greater than the minimum valygn,
(section 6.7.6).

The sideways movement is characterised by the same valugeefdifferences of phase as in the of
rolling movement. The two vertical modules oscillate in ghand the horizontal is out of phase 90
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degrees. The paramet&idetermines the robot’s step during this movement. Thecsdrdimplitude
A, does not influence in the movement, therefore we use a valreto® but different. I1fA, =0
there is no movement.

Finally, the rotation movement is characterised by theie@rjoints being in opposition of phase
(Ag, = 180) and the horizontal out of phase 90 degrees. The parafdézides the angle of rotation
and the same as in the previous casegoes not affect it therefore it has to be greater than 0 but the
nearest possible to it so that the movement is the most stablefficient possible.

6.6 Locomotion in a straight line

6.6.1 Description of the movement

Movement in a straight line of the PP configuration is showthimfigure 6.10. The left and right
segments function as “feet”. The co-ordination betweemtli® that which determines what the
movement is like. In general we study it dividing it into fostages. During stage 1 the robot
carries out aontraction resulting in the joint 1 being more elevated. A mini-wave @gs that is
propagatedduring stage 2 and reaches the right side of the robot. Nastlita joint 2 that is higher.
In stage 3 the robagxpandsand the mini-wave disappears. Finally in the fourth stagertibot
recoversits original shape.

During each stage the movement is stable. The projectioheoténtre of mass remains at every
instant within the supporting segment. Nevertheless theement is not uniform as in the general
case withk = 2. As is shown in the chapter of experiments, the movememstentre of mass does

not vary with time linearly.

6.6.2 Study of the stages
6.6.2.1 Supporting points

In all the stages the robot always has two supporting poiviigcsh means that the robot is stable for
all its phases. In the figure 6.11 the stages and the supgqmtimts are shown. During stage 1 the
points in contact with the ground aRg andP.. The robot contracts until the right segment touches
the ground and the new supporting points bec&nandP;, situated in the left and right extremities
respectively. The mini-wave is propagated until in staglee3gointP, is substituted by?;. Then the
robot expands, causing the mini-wave to disappear. In thédtage the two supporting points &te
andpP..
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Figure 6.12: Symmetry of the robot shape with respect to basep

6.6.2.2 Symmetries

The shape of the robot during stages 1,2 and 3 is symmettiaespect to the phagg. In the figure
6.12 the shape of the robot is showngiy) ¢n and¢;. The robots inp, andg; are symmetric. If the
values of the bending anglesn are known, the corresponding onesgnare also known, given by
the expression:

(6.10)

The phase of symmetng is given by the expression:

The equation that associates the symmetric phasaadg; is:
@ =— (@ +ALp+180) (6.11)

Demonstrations

From the expressions of the bending angles 6.2 it is provadth @) = ¢2 (¢):
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$1 (@) = Asings = Asin <90 %) = Asin (90+ %) = Acos(%)

¢2 (@) = Asin(@g+ AdP) = Asin (90 % +ACD) = Acos(%)

The expressions 6.10 are also verified:
91 (1) =Asin(@) = Asin(— (@1 +Ap+180)) = —Asin(¢y + Ap+ 180) = Asin(gy + Ap) = d2(¢1)

02 (@) =Asin(@ +Ap) = Asin(— (@ + A+ 180) + Ap) = Asin(— (g1 + 180)) = Asin(¢) = ¢1 (¢1)

6.6.2.3 Supporting segments

We call supporting segments those which join the suppogiigts and are denoted 8a where
the sub-index indicates the stage. Each stage has a supporting segmentill\iWee the notation of
complex numbers to obtain its expressions. An importarp@ity of these segments is that they rest
on the groundy axis) and therefortheir argument will always be 0. This is the condition that we
will employ to calculate the orientation angpg in the section 6.6.2.4.

arg(Sa) =0, Vi € {1..4} (6.12)

The expressions &a in function of the geometry of the robot and of the angheare shown next,
together with its modules and arguments. The calculatiomdge@veloped in the appendix A.2.

Stage 1

Sa =2+2 =Lel% (% +ej¢1)

Isall =Ly/7 +cos(#) 613)

B _sin(gy)
arg(Sa) = ¢o+ arctah( 1+ cos(¢1) )
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Stage 2

. 1. 1.
S =2+2+2 = Lel% (é +elf1 4 Ee”“’““’”)

|Sa| = L\/g+cos(¢l)+cos(¢2)+%cos(¢l+¢2) (6.14)

B sings + 3sin(¢1 + ¢2)
arg(Sa) = ¢o + arctan< % 1 cospr + % cos(¢1+ ¢2) )

Stage 3

. 1 I¢2
S =2 +2 =Lel%0t0D) <1+ >e )

Isa] =Ly/> +cos(#)

arg(Sas) = do+ ¢1+ arctan(%)

Stage 4

Sa = 71 = Lel($ot91)
[Sal =L

arg(Sa) = ¢o+ ¢

6.6.2.4 Orientation anglegg

The orientation angléy is that which the robot’s left segment forms with the horitadnit is neces-
sary to know it to be able to determine the position vectothefrobot’s points and of its centre of
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mass. This angle depends on the stage in which the robotnsl fduring the movement. We will use
the notationp{, (@) to represent its value in the staigd=or a given phase the expressions are:

sing; (¢)

1 e
o5 (@) = arctan( % oSy (@)

) , @€ [0, 2] (6.15)

#(0) = arctan<l Sings (9) + 3in(41(9) + 92(9)

1
2
3 +cospy (@) + 5 cos(¢1 (@) + d2 (q,))> » @€ (@2, o3

sing,

03 (@) = ¢1arctan(ercos(p2

), @ € (@3, ¢34]

$5 (@) = —1(9), @ € [¢34,360

Whereq 2, @3 and@s4 represent the values of the phase that separate one phasafother (section
6.6.2.5).

Demonstrations

The expressions for calculatinty are obtained applying the condition 6.12 that establish tta
argument of all the supporting segments is zero. With thfsrites the robot’s orientation to be
determined by the condition that its supporting points éig;nad and in a horizontal position.

Making arg(Sa) = 0 and clearingpo the equations 04% are obtained.

6.6.2.5 Transition between stages

The values of the phases that separate one stage from theaataenoted by, o, 3 and@sa. They
are given by the expressions:

SinA® SinA
@1, = —arctan , Ao =arctan| +———
(1-5) +cosr® 2+ COA
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o3 = —P1p— 180— AD

P34 = —180— AD

Demonstrations

First we will calculatep,». The condition that determines whether it is in stage 1 o that the right
segment is resting on theaxis. That is to say, that afg,) = 0 is fulfilled. This implies that:

pd+d1+¢2=0

Substitutinggo by the expression 6.15, the bending angles for those givé2irand clearing the
phase the equation @i, is obtained. The steps to follow are detailed in the appeAdix

The calculation ofb,3 and®34 is made applying the condition of symmetry 6.11 and bearingind
that they are symmetric with respect to the phagesandg = 0 respectively.

6.6.3 Step
6.6.3.1 Co-ordination

The straight line movement is controlled by the parametaandA@. The first is related to the size
of the step and the dimensions of the robot. The second isvthiah determines the co-ordination of
the segments and that the robot can move.

In the figure 6.13 the robot's movement for different valuA@ are shown and how they vary with
the phasep. When the two joints are in phasA¢ = 0) the left and right segments move exactly
equally causing the robot to sprawl on the ground, havingttage, then again sprawled, with the
shapeJ and starting again. There is no displacement. The movenasraily two stages, the second
and fourth.

When the joints are in opposition of phagep(= 180) the robot contracts and expands, but without
displacement. The movement has only two stages, the firsthentthird. Therefore, with the move-
ment of apodal robots of one dimension, the same principtgenérators in phase and in opposition
of phase is fulfilled.
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Figure 6.13: Co-ordination of the locomotion in a straighélin function of the phase different
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For the rest of the values ffp there does exist displacement. In general the movemerdepiknd on
the interaction with the ground of the supporting pointsrdalise a detailed analysis it is necessary
to study the dynamics of the system. Nevertheless, anglysity the geometry we will obtain
conclusions on how the co-ordination must be carried out.

6.6.3.2 Co-ordination criterion

To be able to obtain the values AfandAg that allow a well co-ordinated movement, it is necessary
to establish first a criterion to measure how good the copatdin is.

Of the four stages, the fundamental one so that the movemaotomplished correctly is the second,
where the mini-wave that has appeared is propagated fronailhte the head. If the co-ordination
is wrong, the propagation will not exist and therefore theilebe no movement. In this stage, the
supporting points are the two extremes. We will reckon thatmovement is better co-ordinated
when there is the least interaction with the ground, thetesy energy loss through friction. So that,
if during this stage the co-ordination is such that the sujppg points always remain equidistant one
from the other, there will be no relative movement betweemttand no loss through friction will
be produced. What is more, the movement will be independetiitsoenvironment, behaving in a
similar way as the independence of the value of the coeftickfriction. Contrariwise, if the joints
are forced to vary this distance during the propagation ralesirable friction will appear which will
produce energy loss as well as introducing uncertainty tiltomovement. The movement will be
very dependant upon the type of surface.

The criterion proposed is the following:

Criterion of co-ordination: Itis said that the configuration PP is moving with a good cdipation
if the distance between the supporting poirgaRd B remains constant during stage 2 or its
variation is minimum.

This criterion allows us to compare the movement at diffevasrking points. Observing the move-
ment whem\@ = 0 of the figure 6.13, it is seen that the variation of the distdmetween the support-
ing points in stage 2 is very great. There will be a lot of iatgion with the ground. If the coefficient

of friction is very high, it could happen that the robot wilbineven be able to pass from the initial
position to the shape af. For Ag = 45, the variation of the distance is less which leads to a de-
crease in the interaction with the ground. Bag = 135 this distance varies very little. It is a better
co-ordinated movement than in the previous cases. Wheratlegn opposition of phasé{ = 180)

the propagation stage does not exist and therefore thecenmrement.

The questions that arise ai&hat values of A anflp lead to the best co-ordinated movement? Which
is the equation that relates the step with these parameters?
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Figure 6.14: Relative variation of the supporting segmentf2nction of the phase differendep for
an amplitudeA of 90 degrees

6.6.3.3 The best co-ordinated movement

Applying the previous criterion of co-ordination the rdswbtained are:

1. Thebest co-ordinated movement is obtained for values df¢ within the interval1084,1095],
with independence of the amplitude of A used. For them itrifie that the variation of the
supporting segment during stage 2 is practically nil.

2. For a given value o\, the co-ordination improves with the decrease of the amplitude. The

smaller A is, the smaller will be the variation of the supjugtsegment of stage 2.

In the figure 6.14 the relative variation of the supportingreent 2 is shown in function of the pa-
rameterAg for the case of maximum amplitude, where the co-ordinasahé worst. From it more
flexible criterion can be established:

* VA, if Ap € [84,134, the variation will be less than or equal to 20%.
* VA, if Ap € [96,12]], the variation will be less than or equal to 10%.

* VA, if Ap € [102 115, the variation will be less than or equal to 5%.
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Figure 6.15: Variation of the supporting segment 2 in fumtif the phase foh =90 yAp = 45

6.6.3.4 Study of the supporting segment 2

To demonstrate the earlier conclusions it is necessarutly sthat happens to the supporting segment
2 during the propagation stage. Its length is given by theaton 6.14. If it is expanded employing
the expressions of the bending angles in 6.2 the followiradptained:

IS&| = L\/g + cos(Asin(@)) + cos(Asin(@+ Ad)) + % cos(Asin(@) + Asin(@+ Ad)) (6.16)

This expression is only valid for the phases included in iterival[@ 2, @3]. In the figure 6.15 the
variation withg for A= 90 andA@ = 45 has been represented graphically. It varies in a perialc
For ¢ = @2 and @ = @3 the length is maximum and fag = ¢ it is minimum. On the right of the
figure the shape of the robots for different working points haen drawn. This allows to visualise
graphically the variation of the distance in the supporpoints. The minimum is always i@ and
the maximum ing;» and 3.

The figure 6.16 shows the graphic restricted to the intdigal ¢»3] for the values ofAg of 0, 45,

90 and 109, together with the shapes of the robag inand @, where the length is maximum and
minimum respectively. FoA@ = 0 the variation is the maximum. Increasing its value theatam
decrease until it reaches the valuedgf = 109 where it is minimum and the length remains almost
constant with the phase.

To obtain the values o\ that minimise the variation in length of the supporting segin2 we
approximate the expression 6.16 for its development iniEoseries and keep the first harmonic:

|Sa| ~ co+ C281%% + c_ne 2% = ¢y 4 2|c2| cOS(2¢0+ AD)
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The Fourier coefficients are calculated numerically because they cannot be exprasae analyt-
ical way. The term £;| represents the amplitude of the oscillation. In the figu& @his term has
been represented in function & and for different values oA. It is observed that:

* The variation decreases with the decrease of A. Therdfotlee worst case, where the variation
is maximum it is produced fok = 90.

* The variation is minimum (tends to zero) for a phase diffieeein the rang¢108 11d. It is
in this interval where, with independence of the amplitul& @mployed, the length of the
supporting segment remains constant.

6.6.3.5 Step equation

To study how the parametefsandAg affect the step it is necessary to realise an analysis of the
dynamics, taking into account the coefficients of frictioithathe ground. Nevertheless, we propose
an equation that allows us to know the step if the movemenelsas-ordinated.

For its calculation we will suppose the following:

 During the contraction (1st stage) the joint 2 does notstid the ground.
» During the propagation the supporting points do not slide.
* While expanding (3rd stage) the joint 1 does not slide.
With these assumptiortke robot’s step is equal to the contraction That is to say, that the contrac-

tion that is produced during stage 1 and that causes the egrmeeof a mini-wave that is propagated
is that which determines the robot’s step.

The value of this contraction is established, thereforeindustage 1 and will be equal to the length
of the supporting segment 1 in the phase- ¢». Iltemising the equation 6.13 the step equation is
obtained:

5 .
Ay =|[Sal,_g, = L\/Z + cos(Asingr2) (6.17)

6.6.3.6 Step variation with A andAg

The figure 6.18 represents the step in functioAaihdAg. It is observed that it increases with In
the central zone, wheiep = [90,110 its value is high. The maximum value is foundigp = 107
degrees. It is verified that the point where the step is mamirisuwvery nearer to the point where the
co-ordination is the best.

In the figure 6.19 the working poiri.09.90) is shown and its variation witA andAg.
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Figure 6.18: Graphical representation of the step giverhbydcomotion in a straight line of the PP
configuration in function oA andAg
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Figure 6.19: Working point109 90) and its variation withA andA¢
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Figure 6.20: Height of the PP configuration in functionrfodindA¢g

6.6.3.7 Direction of movement

The direction of movement s controlled with the variatidrpaand the sign oA@. The combinations
are:
@ varying betweef®, —360

O Ag > 0, movementin a positive direction pfaxis

O Ag > 0, movementin a negative directionyéxis
@ varying between0, 360

O Ag < 0, movement in positive direction gfaxis

O Ag > 0, movementin direction negative paixis

6.6.4 Dimensions

6.6.4.1 Height

In the figure 6.20 the height of the configuration PP and it&tian with the parametels andAg is
shown when the length of the segments is 1. The maximum height of the configuratiorLig2 that
is obtained forA = 90 andA¢ = 0. The variation with/Ag is small. ForA@ > 90 the value remains
constant and diminishes fép > 90. The influence of the amplitude is greatest. It is possibget
the robot to have a height from 0 to the maximum.

In the figure 6.21 the variation of the height of the workingp@90, 90) is shown.
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6.6.4.2 Width

The figure 6.22 shows the width and its variation withndAg. It decreases whefvincreases. The
variation withAg present the maximum in 0 and 180 and the minimum is in thevat¢t07,109.

In the figure 6.23 the variation of the width has been repteskfior the working poin{90, 90).

6.6.5 Summary

The study of the movement of the configuration PP has beedeathintofour stages In each one
of them there are different supporting points. Thientation angle ¢g has been calculated for all of
them, which allows the position vectors of all the joints &dbtained.

To study the co-ordination eriterion of good co-ordination has been defined based on the relative
distance between the supporting point of stage 2, which israv/the mini-wave of movement is
propagated. If this distance is constant or small, thereheilno losses in the propagation of the
wave.

An equation has been proposdd calculate the step based on the premise that it is equal to the
initial contraction. Its value increases with the ampléddand is maximum for a difference of phase
of Ap = 107 degrees, very near to the interval where the co-ordinaithe best.

As a conclusion to this movement, for the wired motthe best co-ordination is produced in the
interval [108 110 and if the amplitude is of 90 degrees, the step will be prafljithe same as the
maximum.

6.7 Rolling movement

6.7.1 Description of the movement

The rolling movement allows the configuration PYP to rotésenmhodules around its corporal axis
causing movement. In the solution found the restrictioras tave to be applied to produce it are:
Apn=90,A@, =0y A, = A, = A. This movement, therefore, has one degree of freedgrthat
determines the shape of the robot when it rolls.

In the figure 6.24 the wired model of the configuration PYP isvah rolling during half a cycle.
Each cycle is divided into two semi-periods, within the g € (0,180 and @ € [0180 360, in
which the movement is the same. In each one of them the robatesn180 degrees. Each one of
these semi-periods is also divided into 2 stages. In thedif4 the two stages of semi-period 1 are
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Figure 6.24: Rolling movement of the PYP configuration wineadel
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Figure 6.25: Top view of the wired model of the PYP configumativhen rolling
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represented, within the phasgs [0,90] andg € [90,180. In each one the robot rotates 90 degrees.
In the figure 6.25 the projection in the horizomglplane is shown in which the stéx that the robot
takes at the end of a cycle can be seen. It is observed thatipip@ding points vary their position
with respect to the ground therefore to find the exact steptémuof the wired model the dynamics
will have to be studied. In general its value will depend omtiype of surface.

The mechanism of rotation is different in the two stageshatideginning of stage 1 the joints have the
orientations of pitch-yaw-pitch (PYP) and at the end, ahese of them has rotated 90 degrees, the
new orientation will be yaw-pitch-yaw (YPY). Stage 2 begiish this orientation and on rotating
90 degrees it ends up with the original orientation, PYP.eality it is a rolling movement of two
different configurations, the PYP and the YPY. Because & tini the study, we will differentiate
between the parametetg andA,. The equations that we will use are:

= 3 = A,Si
¢2 = Ansin(@+ ) = —Ancosp
This allows us to determine the corresponding values,andA;, that have to be applied separately
in each stage to obtain the movement. In the section 6.7.8libe applied to the case in which
Ay = A, = A and with the dimensions of the Y1 modules designed in thisishe

In the remaining sections we will study the movement assgrtiiat the modules are hexahedrons
with dimensiond. XW xH. Nevertheless, this is not a necessary requirement. Taabbot rolls is an
intrinsic characteristic of the wired model. A minimum capfiation PYP with null values of width
and height can roll. When the modules are hexahedronsatastis appear in the amplitudes in such
a way that movement will be produced for valueggfandA, greater than a certain minimum value.
This is analysed in detail in the section 6.7.5.

6.7.2 Kinematic model

To study the movement we will employ the kinematic model shawthe figure 6.26. Instead of
using the general model of the configuration PYP shown in dutian 6.4.3.2, we take advantage
of the symmetry of this movement to simplify the equation® Wil take as origin the central joint
(number 2). The frames of reference employedRyeR;, R, andR;. The framesR, andR; are
situated on the joints 2 and 3 respectively, as in the gewass.R; is also found on the joint 2. Its
X1 axis is orientated in the direction of the axis of symmeRyis rotated an anglé, with respect to
R;. Because of the symmetry, this angle is equai4¢2.

The frame of referencRy is also situated on the joint 2 and its plaxgp is parallel to the ground.
We use it as reference to know the an@iehat has rotated the robot with respect toypaxis.
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Figure 6.26: The kinematic model employed for the study efrtiling gaits of the PYP configuration
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Therefore the movement is described by means of three aBgisand8s. By the criterion of signs
employed, we have:

—_ %

% 2 (6.19)

03 =—¢3

The robot’s angle of rotatior); is obtained as a function @&k and6; and its expression depends on
the stage of movement. It is calculated in the section 6.7.3.

The homogeneous transformations that define the model tlensame notation defined in the sec-
tion 6.4.3.2, are:

« Transformation between the framgsandR,: Rotation of an anglé; aroundxz and move it
a distancé. alongys,:

1 0 0 0
0 cosf;3 -—sinB; L
H23 =Ty(L)R(6s) = 0 sinB3 cosB; O
0 0 0 1

» Transformation between the framRsandR;: Rotation of an anglé, aroundz:

cosf, —sinB, 0 O
sind, cosB, 0 O
HE =Re(B2),= | o 1 0
0 0 0 1

» Transformation between the framRsandRy: Rotation of an angl@, around they; axis

cosfy 0O sin6; O

Mi=REy=| ° L+ 9 9
—sin6; 0 cosB; O

0 0 0 1

» Rotation of -90 degrees with respect to theaxis to define the initial state of the frame of
referencdRy at the beginning of stage 2:
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6.7.3 Angle of rotation 6;

6.7.3.1 Stagel

The rotation anglé®, is given by the following expression:

6, = arctan| — Sin(Avsing) (6.20)
(24 cos(Aysing))sin (% cosqo)

At the beginning of stage 1, whegm= 0, the robot has not rotated and the result is hat 0. When
the stage finishegp(= 90) the robot has rotated an an@e= —90.

Demonstration

During stage 1, the supporting points are the two extrem({f@intsPy andP;) and the central joint
(PointP,) (see figure 6.24). To calculatg the condition is imposed th#, is in contact with the
ground and therefore its co-ordinate z referred to in the&RBy must be O for all the phases. That is
to say, the following are fulfilled:

N
&b
I
o

Applying the equation 6.3 results in:
(H3nzH3rs) -2 =0

4

Substitutingrs for its value (equation 6.5), operating and clearflighe expression is obtained (the
details can be found in the appendix A.4.1):
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B sinBs
NG = 5 Cosh;) sSinGs

Putting 8, and 8 in function of the bending angles (equation 6.19):

sin(Aysing)
(24 cos(Aysing))sin (% cosqo)

tan6; = —

Substituting the bending angles for their values for théngimovement (eq. 6.18) the final expres-
sion 6.20 is obtained.

6.7.3.2 Stage 2

The angle of rotatio; is given by the following expression:

sin(% cos<p)
6, = —90+ arctan m (6.21)

Stage 2 begins in the phage= 90, in which the robot has rotated an anglefpt= —90. Finalising
in ¢ = 180, obtaining a value &, = —180.

Demonstration

In stage 2 the left and right segments remain in contact Wwilgtound, supported on the plage= 0.
To calculated; this condition is imposed on the right segment. It must fulfil

dy-%=0

Whered, represents the orientation of the right segment. If thisords referred to the framigs and
is denoted by?é, the expression is:

(H-soHgHZH3d]) % =0 (6.22)
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The right segment is that which goes from the joint 2 to thenpj. Its expression referred to the
frameRys is therefore:

e
dsfz)’3

Substituting in the equation 6.22, operating and cleatiegeikpressiof; is obtained (the details are
in the appendix A.4.2:

_sin6,cosbs

tan6, SinGs

Expressing the angfe taking as reference stage 1:

sinB,
6, =-90— arctar(m)

Putting8, and6; as a function of the bending angles (equation 6.19):

in 92
 an sin%
6, =-90 arctar( an ¢3)

Substituting the bending angles by their values for themglimovement (eq. 6.18) the final expres-
sion is obtained 6.7.3.

6.7.4 Functions of stability
6.7.4.1 Exposition

The wired model of the configuration PYP always rolls, indegently of the length of the modules.
Nevertheless, in the hexahedric model this movement is Inatya carried out. It depends on the
position of the centre of mass that is a function of the gedmparameters of the robot and of its
bending angles. In this section we will study the condititimst must be fulfilled to produce the
movement.

In the figure 6.27 the two possible movements are shownngpdind sideways gaits for each one of
the stages. That one or other is realised depends on thépasitthe critical pointC with respect
to the centre of mas€},). If C has an abscissa less tiapthen the supporting polygon is such that
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Stage 1 Stage 2

Sideways movement Rolling Sideways movement Rolling

20

= AN
4 5
&

Critical point
T oC
>\ 0 >\ 0,
) Cm X0 Cm
: / < & < &
vS.)0 )0
yO / 3 yo ) 3
v Yo Yo
Principal supporting Polygon of Principal supporting Polygon of
polygon rotation polygon rotation

Figure 6.27: Rolling and sideways movements of the PYP cardigon as a function of the position
of the centre of mass
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the robot’s orientation is parallel to the plaxg/ (61 = 0 in stage 1 06; = 90 in the stage 2). We
call it the principal supporting polygon.

Otherwise, if the abscissa €f is greater than that dE,, the supporting polygon is denominated
polygon of rotation and the orientation of the robot changes. N&w> 0 in stage 1 and; > 90 in
stage 2.

6.7.4.2 Expressions

The function of stability is defined as the difference betwtee abscissa of the critical poiGtand
that of the centre of mass, referring to the fraRpe Its general expression is:

e() = Co%o—Crmp - %o (6.23)
Particularising for the two stages, the final expressioaoatained:

 Function of stability for stage 1:

. W ¢2 . ¢2 5 H . L 5 . sinel
e(p) = ( 5 cos > —sin > (12Lcos¢3 5 sings3 + 3)) cosb; + (H cosps + 6Lsm¢3> 5
(6.24)
 Function of stability for stage 2
. W ¢2 . ¢2 5 H . L 5 . sinel
e(p) = ( 5 cos > —sin > (12Lcos¢3+ 5 sing3 + 3)) cosb; — (H cosps — 6LSIH¢3> 5
(6.25)

6.7.4.3 Deductions
Stage 1

For the equation 6.23 we substitute the valueﬁ;’ostnd(?’n0 for stage 1. In the figure 6.28 the situation
of the critical point referred to the frani® and the notation employed is shown.

The centre of mass is calculated from the centres of masbfaeee of the two bodies. Their position
vectors are denoted tEé and D-é, referred to the fram®&y. The robot can be seen as constituted of
three equal blocks of ma#é. Applying the formula of the centre of mass, supposing thatnass is
uniformly distributed:
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Stage 1

Critical point

Stage 2

Figure 6.28: The critical point C in the two stages
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(2Eo+ Do) (6.26)

Wl

12 1
c—n’b:M—T;MiW= 37 (2MEo+MDg) =

The vectorsEy andDg expressed with respect to the reference fr&nandR; are:

=

Eo = H3HZE;
Do = H3HZH3D:

Substituting in the equation 6.26 we obtain:

1

1
Cmp = 3 (2HHZE, + HEHZH3DS) = 3HoHE (Ez+H3D3) (6.27)
The critical poimf)o as a function of the framBs is:
Co = HgH7H3Cs (6.28)

Substituting 6.27 and 6.26 in 6.23:

. i 1 X
e(p) =Co-%o—Cry - Yo = <H&H12H§’(T’3 §H&Hf(5’+H§’D_’3)> Xo

Operating we arrive at:

e(p) = (H&Hf (§S+ H3 (% —65,) )) Ko (6.29)

The values of,, D3 andCgs are obtained from the figure 6.28:

OJ)
\
N|T
(A))

(6.30)

S

SIS
I
nirNIe NS

w

Substituting 6.30 in 6.29:

sin6;

W H L
e(p) = (7 cosb, + sin, (%LCOSQg+ > sinBz + 5)) cosbo; + (H c0sB3 — gLsineg)

Placing it in function of the bending angles (eq. 6.19) thalfexpression 6.24 is arrived at.
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Stage 2

The reasoning is the same as for stage 1, the only changeseate-brdinates of the critical point
that are now (see figure 6.28):

. W, .
Cs= 3-SRt 5A

N~
N| I

Substituting in the equation 6.29 gives:

sinGl
2

e(p) = (VEV cosB, + sin6, (%Lcoseg — gsin93+ %)) cosf; — (H cosf; + gLsineg)

Placing it in function of the bending angles (eq. 6.19) thalfexpression 6.25 is arrived at.

6.7.5 Conditions for rolling
6.7.5.1 General conditions

The general conditions for carrying out both movements atengn the following:

Condition for the sideways movement:If for the initial phaseg = 0 it is verified that €0) > 0,
then the movement will be sideways in all the phases.

The sideways movement can only be realised when the robosiage 1 (in which the configuration
is PYP), therefore the condition is only valid in this stagé&/hen the supporting polygon is the
principal, the function of stability only depends on the @iy angle of the central joinp,. The
joints ¢1 andg3 only makes the centre of mass rise or descend, but do not ynitsl#bscissa. What
is more, wherp = 0, the absolute value of the bending angijes maximum (it is equal t@\, by the
equation 6.18). This is the worst case, where the abscigha okntre of mass is nearer to the critical
point. For values ofp greater tharg, the distance increases. Therefore, if it is guaranteddaha
@ = @ the supporting polygon is the principal, it will continuelie so for all the phases.

Condition for rolling: So that the robot rolls two conditions must be verified:

1. Thatinitially the supporting polygon be that of rotati@ig) < 0



284 CHAPTER 6. MINIMUM CONFIGURATIONS

2. That the projection of the centre of mass remains withérrtitation polygon for all the phases.
That is to say thag(¢) < 0 for all ¢. This condition is verified if mafe(¢)) < 0.

The first condition does not guarantee that the rolling mammwill be carried out. It implies that
initially the supporting polygon will be that of rotationbthe phase varying the supporting polygon
could become the principal, changing the robot’s orieatatif this occurs, the resulting movement
is unstable. The robot constantly changes it orientatiaitla@refore is incapable of moving sideways
or rolling.

These conditions will be analysed in the two stages.

6.7.5.2 Conditions in stage 1

« Condition of sideways movementIf A < An., the movement will be a sideways one, where
AnL is given by:

ApL = 2arctar<§vtv) (6.31)

* Condition for rolling : If Ap > Ay and enax(Av, An, L,W,H) < 0 are true the movement will be
arolling one where emax is the maximum value of the funcfistability:emax= max(e(phi)).

The expression cdmaxcan be resolved numerically. Given a valye> Ay, iterations are carried
out in the values of, (between 0 and 90) to find the point where the condidorax= 0 is fulfilled.

In the section 6.7.8 it has been resolved for the hexahedsidetwith the dimensions of the Y1
modules.

Demonstration

To deduce the equation 6.31 the restric(d) = 0 is imposed, whegg ) is the function of stability
of stage 1 (equation 6.24). Operating:

. W
e(0) = —%Lsm% + ECOS(IJZ =0

Clearinggo:

¢ 2W 2W
e _ =2 -
tan 2 3L o2 arctal 3L

The bending anglé- in the phasep = 0 is equal to—A, (eq. 6.18). Taking the absolute value the
final expression is obtained 6.31.



6.7. ROLLING MOVEMENT 285

6.7.5.3 Conditions in stage 2

« Condition for rolling . If Ay > Ay and enax(Av, Ah,L,W,H) < 0 is met the movement will be
rolling. Ay is given by the expression:

6H
AL = arctan( 3 f) (6.32)

Demonstration

Imposing the restrictioe(90) = 0, wheree(@) is the function of stability of stage 2 (equation 6.25).
Operating, the following is obtained:

H cosps — gLsinqbg =0
Clearing¢s:

6H 6H
tangz = T = ¢3 = arctan| ET

The bending angles in the phasep = 90 is equal toA, (eq. 6.18), the final expression 6.32 is
obtained.

6.7.6 Regions of movement

Employing hexahedron modules of dimensiamgV xH, the rolling movement is only carried out for
certain values of the vertical and horizontal amplitudest form the region of movement. In the
figure 6.29 the generic aspect of this region is shown. Innkerior points of this region the robot
will roll.

The solutions found in the rolling movement have equal atugéis. IfA, = A, = A, the minimum
amplitude Anin, is defined as:

Amin = max{AvL, Ani }

So, the condition for rolling is expressed in this way:

Condition for rolling if A > Amin then the robot will roll.
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Region of movement

90

Amin Rolling

Av parameter

AvL

0 AL 90

Ah parameter

Figure 6.29: Region of movement for the PYP configurationaiy in function of theA,, and A,
parameters

Stable 1 Stage 2
90 90
Rolling
Roll A Unstable
olling

Sideways v
t
A, movemen

\- 3

| >

<
Sideways movement
Unstable (as a YPY configuration)
0 0
0 AnL % 0 N 90
An h

Figure 6.30: Regions of movements for the stages 1 and 2

6.7.6.1 Obtaining the region

We will study how the region of movement has been obtainedttis we will analyse the region in
stages 1 and 2. So that the rolling movement is carried outionéinuous way, the working point
(An,Av) employed must belong to the region of roll of the two stagelse $olution region will be
obtained as the intersection of the regions of stage 1 and thelfigure 6.30 the regions are shown
separately.

Stage 1

If A, < AL the movement will be sideways, independently the of valud,olWhenA, > Ay, two
sub-regions exist depending on the valué\afin one of them, the supporting polygon is always that
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of rolling and therefore the robot will roll. In the othergtltwo polygons will alternate therefore it
will be an unstable zone. The curve that separates bothegibras is calculated numerically from
the conditionemax= 0, whereemaxis the maximum value of the function of stability in stage 1.

Stage 2

For stage 2 the same thing happens. Whgr A, the movement will be sideways, but in the posi-
tion YPY. WhenA, > Ay, once again there are two sub-regions, one in which thengpftiovement
is produced and the other in which the supporting polygatesradte.

6.7.7 Step

Supposing that a hexahedric model is being employed witlyémeric dimensionsxW xH and that
the values of the amplitudes, and Ay, are near to the frontier of the region of movement, the step
approximation is given in each stage by the param#teasdH. Therefore:

e Stepin stage Ix; ~ W
» Step in stage 2Ax; ~ H

Therefore, in these conditions, the total step is given by:

AX~2(W+H)

If the module’s section is squarkl (= W), then the step is:

AX ~ 4H (6.33)

6.7.8 Case study

In this section numerical values will be obtained when thelates’ dimensions correspond to those
of the Y1 modules, employed in the experiments. In the figugd éhe regions of movement have
been represented and in the table 6.2 the values of all ofatfereters are summed up.

The values ofA,. andA;,_ are calculated from the equations 6.32 and 6.31 respegctiVéle value
of Amin Will be the maximum of the two, that is 51.4. The regions haeerbobtained resolving
numerically the implicit equationsmaxAy, A,) = 0 of both stages.

Finally, from the equation 6.33 the approximate step isiakth when the amplitud&is greater than
Anin but close to it.
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Region of movement Stage 1 Stage 2
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\léh‘\ Sideways Rolling Q Rolling
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Figure 6.31: Regions of movement for the case study: Stagaadd final

| Parameter | Description | Value |
H Module height 5.2cm
W Module width 5.2cm
L Module length 7.2cm
AnL Horizontal limit amplitude | 51.4 degrees
AL Vertical limit amplitude 40.9 degreeg
Amin Minimum amplitude for rolling| 51.4 degrees
Ax Step 20.8cm

Table 6.2: Parameters for the case study

6.7.9 Summary

The study of the rolling movement is divided inwo stages In the first the robot passes from the
configuration PYP to YPY and in the second from YPY to PYP. Faheone of them theotating
angle 8; has been calculated in function of the phase, andsthbility function, that determines
which is the supporting polygon. From this functithee conditions have been stated that must
be fulfilled so that either the sideways or the rolling moveirie carried out. The expressions of
the vertical and horizontal limit amplitudes that diffetiete these gaits have been obtained. Their
graphic representation divides the space into regions ¥Ement. Finally the values of the different
parameters for robots constructed with the Y1 modules heee balculated.

6.8 Sideways movement

6.8.1 Description of the movement

The sideways movement allows the configuration PYP to mowvarids the sides without varying the
orientation of its corporal axis. Itis a flapping or ‘rowinlype movement, the same as that presented
in the section 5.7.9, but for a three module robot. The m@8gtris to be applied to be able to carry
out this movement are the same as in the case of the rollingment:Ag,, = 90 andA@ = 0. It has
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Semi-period 1

Semiperiod 2

z z z z z
®=180 =225 =270 =315 =360
Y y Yy y

Figure 6.32: Wired model of the PYP configuration when penfiog the sideways movement

Semi-period 1 Semi-period 2 Movement after one cycle
®=0 ®=180 i ®=0
®=180
®=180 »=360
Ax
-— =
y
L»x
Eje 1 Eje 2 Ejel Eje?2

Figure 6.33: Top view of the PYP configuration when perforgrtime sideways movement
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only one degree of freedory,, that determines the robot’s step. The paramajaran be the same
asAy, or near to 0 so that the height of the centre of mass be less aralstability is achieved.

In the figure 6.32 the movement of the wired model is shown.ehlity this model is not stable.
Phases exist in which there are only two supporting poistiieexample inp = 225 so that the robot
would roll. Nevertheless it has been drawn so as to betteenstehd its mechanism of movement.
For the movement to be stable it is necessary to verify traptrameted, be less thaiy,. which

is obtained by means of the equation 6.31.

The movementis divided intwo semi-periodscontained in the phasegs= [0,18(0 andg € [018Q0 360.

During the first one, it is the vertical modules that move farshwhile the horizontal is at rest in con-
tact with the ground. The two arms of the robot, left and rigintve in such a way that at the end
of the semi-period they are advanced. During semi-peridtie2¢al movement is carried out. The
robot’s extremes are used as supporting points that rerxaith b the ground. The horizontal module
moves in such a way that it goes forward and the cycle then camas once more.

In the figure 6.33 the horizontal projection of the robot ie ffhases phases 0, 180 y 360 is shown.
During semi-period 1 the horizontal joint rotates and thigotachanges shape symmetrically to the

axis 1. There is no movement. During semi-period 2 the ex¢semake contact with the ground and

on rotating the horizontal joint the robot moves a distardehe end of the cycle, the robot has taken

a stepAx. The equations for the bending angles are:

¢1=p3=Asing

6.34
¢2 =Ansin(@+ ) = —Acosp (6.34)

6.8.2 Stability

The stability is studied in section 6.7.5. So that it cancaut the movement the hexahedric model
must be employed and the modules have to have the dimensigH. The condition that enables
the robot to move sideways is:

Condition of movement: If A, < An, the movement will be a sideways one

The type of movement is determined by the working po#t, A,) of stage 1's region of movement,
described in the section 6.7.6.1. The paramAtgris given by the equation 6.31. Within the zone
where the movement is stable, the valué\ptan be any within the range, 90].



6.8. SIDEWAYS MOVEMENT 291

Step Semi-period 1 Semi-period 2
& (I)=0
®=180
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Figure 6.34: Calculating the step of the sideways movenment the geometry

6.8.3 Step

We will approximate the step by means of the equations obtafrom geometry. Assuming the
following:

» During semi-period 1 there is no absolute movement. Theeefmass is in the same position
in the phaseg = 0 andg = 180.

 During semi-period 2 the extremities remain in contachwlite ground and DO NOT slide.

With these assumptions, the equation proposed for thestep i

3L . /Ah
AX= — — .
X 2sm(z) (6.35)

The greater the amplitude value of the horizontal joint theatgr the step.

6.8.3.1 Deduction

The total step will be equal to the sum of the steps given it @me of the semi-periods. We will
calculate the step that the central point takes. The tatalwill be:

AX = AXp — AXq

From the figure 6.34 the steps for both semi-periods are rdxai
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» Step in semi-period 1:

Xy = 3—2Lsin (&)

N

» Step in semi-period 2:

3L (A . &
Ax2_27sm(?) _3Lsm( 2)

With which the total step arrives at the equation 6.35

6.8.4 Direction of the movement

The direction of the movement can be changed in the followiags:

« If the phase varies between 0 and 360 degrees

O Ag, > 0, movementin positive direction of theaxis

O Ag, < 0, movementin negative direction of tkexis
« If the phase varies between 0 and -360

O Ag, > 0, movementin negative direction of tkexis

O Ag, < 0, movementin positive direction of thxeaxis

6.8.5 Summary

The sideways movement is divided irtt@o semi-periods One in which the central module moves
forward and the other in which the extremes move forward. ddterdination is the same as in the
case of the rolling movement. If the amplitudeless than a certain thresholdA,. then the robot
will move sideways.

The wired model is unstable. The movement will only be realig the modules have a thickness.
For this cas&n equation for the stephas been proposed, deduced from geometry.
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Semi-period 1
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Figure 6.35: Wired model of the PYP configuration while rivtgt

Semi-period 1 Semi-period 2 Rotation in one cycle
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Figure 6.36: Top view of the rotation gait




294 CHAPTER 6. MINIMUM CONFIGURATIONS

6.9 Rotation

6.9.1 Description of the movement

The rotation allows the PYP configuration to change the ¢aién of its longitudinal axis. The
restrictions that apply to realise the movement possitdéday = 180 andA@,, = 90. It has only one
degree of freedomy,, that decides the angular step. The paran®tean have any value between 0
and 90.

In the figure 6.35 the movement of the wired model is showns Hivided intotwo semi-periods
included between the phases [0,18(Q the first one and € [0180 367 the second. In each semi-
period the robot moves symmetrically with respect to an.aiben the initial phase is 0, the vertical
joints have the bending angles at O therefore the robot standhe ground. The vertical joints begin
to move, one upwards and the other downwards, two suppqtirtgs appearing. At the same time
the horizontal joint goes rotating. Fgr= 180 the horizontal joint has moved and the robot has a
symmetric shape witlp = 0.

In semi-period 2 the process is repeated but now the hoakint moves with respect to another
axis of symmetry. The supporting points on the ground arferdift in relation to the previous semi-
period.

In the figure 6.36 the first and second semi-periods are shadmhe final rotation, in thay plane.
During semi-period 1, the supporting points are 1 and 2,ainat in the axis of symmetry. When
semi-period 2 commences, the supporting points changertd 2 and therefore the axis of symmetry
changes (axis 2) and when the rotation finishes the shape obtiot will be that ofp = 360. On the
right the robot is shown in its initial positiong& 0) and its final positionsg = 360). The angle that
has rotated i and the which it makes with the axis of symmetry4s

The equations for the bending angles are:

¢l :AvSinq’
¢2 = Ansin(@+ J) = —Ancosp (6.36)
¢3 = —Aysing

6.9.2 Step

6.9.2.1 Expression

The equation for calculating the angular step is:
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Figure 6.37: Geometrical model used for the calculatiopsof

y= 2arctan33& —2arcta §s;r17Ah (6.37)
3 + cosAy 21+ 3cosAy

The rotation angle only depends on the param&jeit is also verified that it is equal to the double
of the rotation angle of each semi-perigd= 2y; in the wireless model.

Deduction of s The angley is that formed by the two axis of symmetry of the rotation. Ebes

1 passes through the points 1 and 2 and the axis 2 through ihis 8cand 4. The axis 2 is the one
that passes through the points 3 and 4 wipen 180. To calculates it is simpler to use the axis 2’
which is that which passes through the points 3’ and 4’ whiehtlae points 3 and 4 when the phase
is 0. Both axis are symmetric with respect to axis 1 and it iffieel thatys = ¥’ (see figure 6.37 left).

In the figure on the right the elements for its calculationsdrewn. Forp = 0, we have:

¢1=Aysing=0

p3=Aysin(p+m) =0

#3=Ansin(9+ 2 ) = Ay

Taking advantage of the previous symmetry, it has to be:



296 CHAPTER 6. MINIMUM CONFIGURATIONS

s = Ys=arg(Zs) —arg(Zs1)

whereZs andZs, are two complexes that have the same direction as the axid 2’ aaspectively.
The axis 1 can be obtained as:

a3 a3
zazzzlLeJAuELL(eJAuE)

37'A 3,'A
252:24—23:§Le1h+L:L EeJh+1

where the complexes, 2,23 andz, expressed in relation to the origin are:

Le*jAh

Zi=

Nlw

To obtainys the arguments oI andZs, are calculated:

arg(Zs) = arctan% — arcta 1+2§S;2A82h
2
im(Zs;) —sinAy
arg(Zs) = —arctang——

Deduction of y Now starting with the robot in the initial positiong & 0) and the final positions
(o = 360). The following complexes are defined:

z=-3L
Zo =Le JAn
Z3 = Lely-1

Zy= % Lel (Y—An)
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Figure 6.38: Geometrical model used for the calculatiop of

On one hand the compl&s, can be expressed as:
. . 3
Zyp =75€e%=Le% >te i
becaus&s, =7, —-7; =L (% + e*jAh). On the other hand it can be expressed as:
(3 A
79 =7Z4—7Z3=1LeY ée'h—i-l

Taking the arguments of both expressions and equalling:

—sinAy, 2 sinA,
Arg(Zs) = ys+ arctan<7> =y+ arctan<27>
3 + cosA, 1+ 3cosA,

From where, clearing results in:

. 3 .
3sin
y = ys—arctan B)SLAh +arctan 237'%
3+ CosA, 1+ 5cosAy

And for the expression ok we have toy = 2y

6.9.2.2 \Variation of y with Ah

In the figure 6.39 the relation of the angle of rotatiowith the parametefy, is shown graphically. It
is practically lineal.
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Figure 6.39: Variation of the rotation anglevith the Ay,

6.9.3 Direction of turn

The direction of movement is controlled wifty,. The combinations are:

* (@ varying between 0 and 360

O Ag > 0. Anti-clockwise rotation

O Ag < 0. Clockwise rotation
* @ varying between 0 and -360

O Ag > 0. Clockwise rotation

O A@ < 0. Anti-clockwise rotation

6.9.4 Summary

The rotating movement is divided intavo semi-periods In each one of them the longitudinal axis
has changed its orientation. The co-ordination is obtategking the extremities to oscillate in
opposition of phase and the central one out of phase 90 degfée movement is stable for all the
amplitudes.

An equation has been proposed for #rgular step, obtained from the geometry of the movement.
The relation between the step and the amplitude of the hatatanodule is very linear. Greater the
amplitude greater will be the angle of rotation.
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6.10 Principles of locomotion

The locomotion of the minimum configurations can be summeith &principles of locomotion:

1. Principle of the PP configuration. A robot made up of a chain of two modules of pitch
type that are controlled by means of sinusoidal generasocapable of moving forwards or
backwards in a straight line.

2. Principle of the configuration PYP. A robot made up of a chain of three modules, with the two
extremities being pitch type and the middle one yaw typetrotlad by means of sinusoidal
generators is capable of moving across a two dimensiontcgiusing at least five different
types of gait: straight line, circular path, sideways moeemrolling and rotation.

3. Principle of the control parameters. The control space of the minimum configurations has
four dimensions and their points are of the shafyg Ay, A@,,A@y), whereA, andAy, are the
amplitudes of the vertical and horizontal generatfu, is the phase difference between the
verticals and\@,;, is phase difference between the verticals and the horikonta

4. Principle of the co-ordination. The phase differences between the generatagsandA@,n,
are the parameters that determine the co-ordination of nMement, the gait and in which
direction it is carried out.

5. Principle of the step. The amplitudes of the generatofg,andAy,, determine the robot’s step
(linear or angular). When these parameters increase, ¢ipevétl be greater, except in the
rolling movement, where it decreases.
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6.11 Conclusions

In this chaptethe problem of locomotion of the minimum configurationson a flat, homogeneous
surface without obstacles has been addressed, when slaligenerators are used to control them.

It deals with anew problemthat has not previously been raised or studied by other figaders. We
proposea methodology to resolve it based on exploring the gaits and the candidate configasatio
employing genetic algorithms.

Two minimum configurations have been foundthat move in one and two dimensions. TRE
configuration is made up of two pitch modules and tR&P of three, two pitch and the central one
yaw. The first one moves, forwards or backwards in a straight ind the second one can carry out
five different gaits: straight line, circular path, sidewagovement, rolling and rotating.

The minimum configurations argomic units of movement(AUM) as they contain the smallest
possible number of modules to be able to move. With themnaximised the number of sub-
robots into which a self-configuration modular robot can be dividedesolve problems such as
the maximisation of the area covered. Also the minimum caméiions arehe most efficientin
relation to the energy needed for movement. The PYP configutaonsidered as an atomic unit of
movement, can reach any poiixy) of the ground, and can be orientated in any direction and can
recover its original position in case of overturning, thautd the rolling movement.

A technique of analysis and synthesis of movementsas been proposed based on identifying the
minimum configurations in the wired model of other robots.isTéllows new gaits to be found as
well as how to deduce the viability of the movement of certainfigurations that ariori it would

not be known if they could move.

The control model based on simplified CPG of sinusoidal genator types is also valid for the
locomotion of minimum configurations. Therefore it can bplagal to one dimensional movementin
any apodal robot with more than 1 module, and in the case oémemnt in two dimensions any robot
of the pitch-yaw group of more than two modules.

All the gaits are characterised by the equations of theisgabes of control that establish relations
between the four parameteks, An,A@, andA@,n. The free parameters are the degrees of freedom of
the movement. The kinematics of all the movements have liedied and the equations to calculate
the step in function of its control parameters proposed.

The movement in a straight line has two degrees of freedom, andAg@. A criterion has been
proposed to establish the working point with the best caratibn. It has been demonstrated that
with the wired model, the best co-ordination is obtainedimitange ofAg between 108° and 110°.

The circular path movement is similar to the straight line adding a parameter that deitees the
radius of turn. Therefore it has three degrees of freedom.
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Therolling movement has been studied in detail and the value of the minimum aogdithat has
to be applied so that it can carry it out calculated, in fumtf the modules’ dimensions. It has only
one degree of freedom, that defines the shape that the robot adopts during the neeifo carry

it out the two vertical joints are in phase and the horizoats out of phase 90 degrees.

The sideways movementllows the robot to move sideways maintaining the same taiiem of
its body. The co-ordination is exactly the same as in the oéselling. According to the chosen
amplitude one or other movement is obtained.

The rotating movement allows the robot to change its corporal orientation. It hae degree of
freedom A, that determines the angular step and rotation. The twiceéjpints are in opposition of
phase, and the horizontal one out of phase 90 degrees.

Finally all the principal ideas are summed up in five prinegbf locomotion (section 6.10).
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Chapter 7

Experiments

“They are vain and plagued with errors the sciences that hevMeeen born of experiments, mother of all
certainty.”
—Leonardo Da Vinci

7.1 Introduction
This chapter describes some of the experiments that havedaeged out to validate the solutions
found to the problem of the co-ordination of the apodal rebot

In the first part the platform developed to carry out the ekpents is presented, made up of the
mechanics, electronics and the software, and the four fyqde of the apodal robots constructed are
describedCube RevolutionglypercubeMinicube-landMincube-IL

In the second part some of the experiments carried out arenalercted. They have been divided into
three groups: locomotion in 1D, locomotion in 2D and minimoomfigurations, that correspond to
the chapters 4, 5 and 6.

7.2 Developed platform

7.2.1 Y1 Modules

The modules designed to implement the modular robots aréthmeodules shown in the figure 7.1.
Their inspiration came from the first generation of the Potyilnodules, created by Mark Yim. The
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Y1 modules

Figure 7.1: The Y1 modules, designed for building modul&ots

Dimensions: 52x52x7 2mnP(height x width x length)
Weight: 50gr

Material: 3mm thick methacrylate
Section: square(52x52)

Degrees of freedom 1

Servo: Futaba 3003

Torque: 3.2Kg.cm/0.314N.m
Speed 260 degrees/sec.
Bending angle range: 180 degrees

Control signals: Pulse Width Modulation (PWM)
Union between modules: By means of screws

Table 7.1: Characteristics of the Y1 modules
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Pitch-pitch connection

Pitch-yaw connection

Figure 7.2: Two Y1 modules with pitch-pitch and pitch-yayw&connections

idea of the Y1 modules was that they should be easy to buittihaxae been designed for the Futaba
3003 servos or compatibles, that are cheap and can be abtaiaay model air plane store.

The characteristics are summed up in the table 7.1. Theyastreicted in 3 mm thick methacry-
late. The pieces have been cut by laser and have been joinegdys of a contact adhesive. The
consumption and torque depend on the characteristics ckttve employed.

The section is square, which allows the union of the modudsetof the pitch-pitch type, or pitch-
yaw (figure 7.2). This union is fixed by means of screws that jodth modules. All the robots
described in this thesis have been constructed with thisuteod

All the information needful for their construction is awahle on liné. The plans and instructions for
assembling them are found in the appendix C.

Lhttp://www.iearobotics.com/wiki/index.php?title=M?%8@B3dulos_Y1
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| Robot prototypes |

| Pitch-pitch connection | | Pitch-yaw connection |

Cube Revolutions Minicube-I Hypercube Minicube-II

Figure 7.3: The four prototypes of apodal robots that hawnlm®nstructed to carry out the experi-
ments

7.2.2 Robots

Four prototypes of apodal robots, shown in figure 7.3 haven meastructed to carry out the ex-
periments. All of them are made up of various Y1 modules inaircthThey are divided into two
groups, the robots with pitch-pitch connection and thogh pitch-yaw connection. For each group
two prototypes have been created, one with 8 modules andttlee with the minimum number of
modules.

Therefore, within the group of apodal robots with pitchepitonnection the two robots atube
Revolutions® and Minicube 123 that are shown in the figure 7.4 and 7.5 respectively. Theifirst
composed of 8 modules. The second one corresponds to theammconfiguratiorPP.

For the pitch-yaw group the robots afgpercube* andMinicube-Il (figure 7.4 and 7.5), of 8 and 3
modules respectively. Minicube Il is the minimum configioatPYP.

7.2.3 Control scheme

The control scheme of the robots is shown in the figure 7.6. alperithms of locomotion are exe-
cuted in a computer, with theNU/Linux Debian Sargeperating system. The positions of each servo
are sent by serial communication (protoB$-232to the micro controller Skypic board [45], based
on thePIC16F876AThis is connected by means of a cable to the modular roboglzeintrolled. It
generates the PWM signals for positioning the servos.

2http://wwwy. i ear oboti cs. cond wi ki /i ndex. php?titl e=Cube_Revol utions
Shttp://ww. i ear oboti cs. com wi ki /i ndex. php?title=M ni Cube
“http: // www. i ear oboti cs. com wi ki /i ndex. php?tit| e=Hyper cube
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Cube Revolutions

Hypercube

Figure 7.4: The Cube Revolutions and Hypercube Robots
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Minicube-l Minicube-l

Figure 7.5: The Minicube | and Il Robots. They are the minimzonfigurations

Computer Microcontroller Modular robot

Serial comunication
RS-232

Power supply

Figure 7.6: Control scheme of the modular robots
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Figure 7.7: The Skypic board for controlling the modularatsh

Microprocessor: PIC16F876A

Clock frequency: 20Mhz

Processor architecture: RISC. 8-bit data. 14-bit instructions
Power supply: Between 4.5 and 6 volts

I/O pins: 22

A/D channels: 8. Resolution: 10 bits

Flash memory: 8Kb

SRAM memory: 368 bytes

EEprom memory: 256 bytes

Timers 3 (8 and 16 bits)
Communications: AsynchronousRS232). Synchronous: 12C ariSP
Other: Two capture, compare and PWM units

Table 7.2: Skypic board features

Both the electronics and the power source are situateddeutsé robots. The aim of the experiments
is to test the locomotion in real robots, to later make thetorsamous. With the proposed scheme the
tests are simpler, quicker and cheaper. Nevertheless,tbacgability of the sinusoidal controllers
and the validity of the equations have been demonstratézipibposed that in future work a more
advanced module, integrating the electronics and badtesid be built.

7.2.4 Electronics

TheSkypic board has been used as the electronic contralltthas been designed by Andrés Prieto-
Moreno and the author of this thesis [45]. This is publishedar a free hardware licence [40]. The
technical characteristics are shown in the table 7.2.

Shttp:// ww. i earoboti cs. com wi ki /i ndex. php?titl e=Skypic
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Cube Revolutions control

Hypercube control
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Figure 7.8: Screenshots of some of the software applicatieneloped

7.2.5 Software

7.2.5.1 Mathematical models

The mathematical models presented in this thesis have brg#arnented irDctave (version 2.1.73).
From them the shape of the robots has been drawn, both foptitenaous and the discrete types of
the pitch-pitch and pitch-yaw groups, and the graphs hage bbtained.

7.2.5.2 Simulation

To simulate the locomotion of the apodal robots a set of tibssand programmes that use tyen-
source physical enginddDE® (Open Dynamics Engine, version 0.5) have been created. fdnay

Sht t p: / / ww. ode. or g/
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been programmed i€ languageand allow the definition of the type of connection of the rqliog
specifying of the parameters of the sinusoidal generatatdtee carrying out of the simulations. The
simulations can be done visually or on the console, dumpimfiles the details requested, such as
the position of the centre of mass, speed, rotation, etc.

To employ thegenetic algorithmsapplications have been created baseggapacK (version 1.0),
that, using the previous simulation libraries evaluatéeate of the individuals of the population to
determine the fithess function.

This software has been made specifically to work with 1D togigls of modular robots. Never-
theless, Rafael Trevifio has implemented BMi@Suite environment for his bachelors thesis[149],
directed by the author of this dissertation. This softwdl@es working with topologies of one or
two dimensions. It is is programmed Rython, and allows the visual design of modular robots
adding the control functions of the joints and the executibsimulations.

In the figure 7.8 some screenshots of the applications imgaiéea are shown.

7.2.5.3 Control

To control the real robots the previous applications of $&tion can be used, that allow the position
of the servos to be sent by the serial port to the electrofiics means that the operator can decide
to see the simulation on the computer or connect the reat tolamalyse its actual movements.

Also two specific applications have been created forGube Revolutionand Hypercuberobots
(see the screenshots in figure 7.8) that allow to visuallgi§péhe values of the parameters of the
generators and make tests. They are programmed i@#Hanguage using the open-source virtual
machine of the Mono projett

For the movement of the servos a firmware for the Skypic boasddeen implemented. The appli-
cations that run in the PC send information to this progrartimethen generates the PWM control
signals for the servos. It is callé&krvos8 .
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Parameters discrete curve Continuous curve
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Figure 7.9: Experiment 1: comparison between the shape®frzotiule apodal robot and the discrete
and continuous serpenoid curves
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7.3 Experiments of locomotion in 1D

7.3.1 The robot’s shape
7.3.1.1 Experiment 1: Comparison between the shape of thelot and the theoretical curves

In this experiment the shape of a 16 module apodal robot ipeoed with the continuous and discrete
curves obtained by the equations 3.19, 3.20 and 3.33, 3spéctvely. The comparison is made at
different working points. The results are shown in the figiu@

The continuous and discrete curves have been generatedHeostripts in Octave and have been
superimposed on the simulator’s screenshots. They haweibemased in size to facilitate their
comparison.

In this experiment it is shown that the continuous curve daddiscrete are very similar. Two un-
dulations are employed therefore there are 8 modules parlatiwh (M, = 8). According to the
criterion of discretization presented in the section 423.8iven thatV, is greater than 7 the errorin
the dimensions will always be less than 5%.

This experiment also allows the validation of the simulastiowing that the virtual robot generated
has the shape of a serpenoid wave.

7.3.1.2 Experiment 2: Comparison between the shape of the Ga Revolutions and the theo-
retical curves

The shape of an 8 module virtual robot is compared to the elisserpenoid curve and with the robot
Cube Revolutions (figure 7.10). It is demonstrated that élaénobot adopts the serpenoid shape.

7.3.2  Stability
7.3.2.1 Experiment 3: Stability for different values of k

We will analyse what happens to a 16 module robot with difiex@lues of the parametk&r To do
this the height of the centre of mass and that of the mid p@inetveen represented in the figure 7.11.
The height of the centre of mass whieiis 1 oscillates. After reaching its maximum point it falls
abruptly.

http://iwww-fp.mcs.anl.gov/CCST/research/reports1p88/comp_bio/stalk/pgapack.html
8http://www.mono-project.com/Main_Page
http://www.iearobotics.com/proyectos/stargate/skores/sg-servos8/sg-servos8.html
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Parameters

Real robot
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Figure 7.10: Experiment 2: Comparison between the shape 8fmodule virtual robot with the

discrete serpenoid curve and the Cube Revolutions robot
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Figure 7.11: Experiment 3: Stability of a 16 module apodabtdn function ofk

Whenk increases, the stability is greater. Foe 1.5, the maximum height that it reaches has de-
creased and though there are still oscillations these avetbrar and of less amplitude.

Finally, whenk = 2, fulfilling the principle of stability expounded in the sem 4.2.5, the centre of
mass stays at a constant height and the movement is unifasnanoth.

In the graph at the right the height of the mid point of the tabshown. It varies between a minimum
(when itis contact with the ground) and a maximum when it issdtighest. Whek = 1 itis observed
that the height oscillates, but points appear where the gnmmovement is lost (the function cannot
be differentiated). At a certain moment the robot falls te side or the other due to having only one
support point which provokes the loss of smoothness. Wherl.5, this effect continues to exist,
but is less marked. Also it is observed that the maximum heifithe point is lower. Finally, in the
stable casek(= 2) the oscillation of the height is a sinusoidal wave.

7.3.2.2 Experiment 4: Stability of Cube Revolutions for diferent values of k

In this experiment we analyse the stability of an 8 moduledapmbot. In the figure 7.12 the shapes
and positions of two robots have been shown, one simulatddrenother real, in phases near to
instability for different values ok. The behaviour is as described in the section 4.2.5. Wkhisn
equal to 1, the system is unstable. Both robots, the sinmdibatd the real behave as described in the
section 4.2.5.1 and as drawn in the figure 4.12. As the phass ttee zone of instability, the robot
leans to the right causing the left extremity to be raised Mloment comes when stability is lost and
the robot inclines to the left with the extremity hitting tgeound. Now it is the module of the right
which is in the most elevated position. The robot does natadlgt fall over, nevertheless it is a very
abrupt movement.

Whenk = 1.5, the same happens but in a smoother way. Now it is the lefemxty that does not
reach so high but the movement is not uniform, but has a tiansione between one inclination and
another. Finally, whek = 2 the robots move smoothly.
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k=1
Unstable

k=1.5
Unstable

k=2
Stable

Figure 7.12: Experiment 4. Stability of an 8 module apodalotdn function of k. Then Shape and
position of both the real and virtual robot are shown
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Distance travelled along the x axis (cm)

50

20 r
10 r

Time (Sec) Time (Sec) Time (Sec)

Figure 7.13: Experiment 4: Stability of an 8 module apodbbtdn function ofk. Space travelled by
the robot

| Working points| a [k | M| A | A® |
Point A 42412 | 8 | 60| 90
Point B 3241 3| 8 | 60| 135

Table 7.3: Chosen working points for the movementin a dttdige of an 8 module apodal robot

In the figure 7.13 the space travelled by the robot in the Horof thex axis is shown in function
of the time. It can be seen that it is a movement that is NOToumifwhenk < 2. Intervals appear
in which the distance varies abruptly. Neverthelesskfer2, the movement is uniform. The speed
in this case will be constant and equalAr/T, whereAx is the step and the period. The space
travelled is calculated by means of the equation:

X*Axt
T

7.3.3 Displacement

These experiments show how qualitatively an 8 module apadhait moves, both in simulation and
in reality. To do this two working points have been chosennd B, shown in the table 7.3. In both
points the robot is stable, with valuesloéqual to 2 and 3 respectively.

7.3.3.1 Experiment 5: Simulation

In the figure 7.14 the distance travelled by the robot as atimmof time, during the simulation, is
shown. Given that for both working points the locomotiontatisally stable, these graphs are very
linear. They are rectilinear and uniform movements.

It is also proved that when the sign of the paramétgiis changed the displacement of the robot is
the same, but in the opposite direction, as indicated by timeiple of symmetry (section 4.4.5.1).
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Distance travelled along the x axis (cm)

Time (Sec)

Figure 7.14: Experiment 5: Distance travelled by an 8 magluldual apodal robot for the working
points A and B, in both directions

In the figures 7.15 and 7.16 9 shots of the robot’'s movemerttgipoints A and B respectively are
shown. The initial and final positions are also compared hadtep of the robots is shown. The aim
is to show qualitatively what the movement is like. It is Vied that the movement is carried out and
that for different working points, both the co-ordinatiamdathe step are distinct.

7.3.3.2 Experiment 6: Locomotion of Cube Revolutions

In the figures 7.17 and 7.18 the locomotion of Cube Revolgtionthe working points A and B
respectively are shown, in the same instants as in the cade gimulation of experiment 5. It is
observed that the shape of the robot in these instants isiraitar to that of the simulation despite the
fact that the simulation is with hexahedral shaped modelsfaamreal robot has a different geometry.

With this experiment it is demonstrated that the real robatsmove and they do so in a similar way
to the results of the simulation.

7.3.4 Step

In this group of experiments the theoretical equations psed are contrasted to enable the calcu-
lation of the step with the information obtained from the giations and the movement of the real
robot. The experiments are carried out with the three maafetsodule: the wired, the hexahedral
and the real.

For the wired and hexahedral models, the graphs of the i@rigt step is compared with the param-
etera for robots with different number of modules per undulatitfy ). All the experiments have
been carried out with = 2.
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Figure 7.15: Experiment 5: Simulation of the locomotion isteaight line of an 8 module apodal

robot for the working point A
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Figure 7.16: Experiment 5: Simulation of the locomotion isteight line of an 8 module apodal
robot for the working point B
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PointA: (=424 M=8 A=60 (degrees)
k=2 Mu=4 A®=90 (degrees)
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Figure 7.17: Experiment 6: Locomotion of the Cube Revolutiobot in a straight line, for the
working point A
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Point B: 0l=32.4 M=8 A=60 (degrees)
k=3 Mu=8/3 Ad=135 (degrees)

Comparison between
the inicial and final positions

Figure 7.18: Experiment 6: Locomotion of the Cube Revolutiobot in a straight line, for the
working point B



7.3. EXPERIMENTS OF LOCOMOTION IN 1D 323

M=16
20 My=8 - > k=2
18 - —— Theoretical curve Yy Q=70

& Simulation results

Step (cm)

Ol (degrees)

Figure 7.19: Experiment 7: Comparison between the thexaletind simulated steps for an apodal
robot with different modules per undulation. Wired model

7.3.4.1 Experiment 7: Wired model’s step

In the figure 7.19 the results obtained in the simulation ofemeent in a straight line of six apodal
robots are shown, with the modules per undulation betweerd3a The variation in relation to the
parameten is shown. These values are contrasted with those predictetid theoretical equation
4.1 and it is observed that they are very similar.

For the simulation of the wired model a robot with flatteneddules of a length. and a widthw,
but a negligible height, has been used.

It can also be seen that the step increases with the windigig an

7.3.4.2 Experiment 8: Hexahedric model’s step

The figure 7.20 shows the results of the simulation of the nmerd in a straight line of apodal robots
in which the model of module is hexahedric of lengitiand heightH. They are compared with the
theoretical results obtained by the proposed equationntiStas observed that they are similar. The
value in the simulation is always a little below the thearatbne. In the theoretical model it has been
assumed that there is no movement of the supporting pointthel simulation this is not the case
therefore what happens is slightly inferior to the predictiln the worst case the relative error is less
than 8%.
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Figure 7.20: Experiment 8: Comparison between the thexadetind simulated steps for an apodal
robot with different number of modules per undulation. Hea@ral model
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Figure 7.21: Experiment 9: Comparison between the stepdiyeCube Revolution and the theoret-
ical models (wired and hexahedral)
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| a(degrees)] 0] 10| 20 | 30 [ 40 | 50 | 60 |
Axz(cm) 0|25|55|78| 10 | 11.3| —
Axacm) | 0| 23| 54|92 125| 15 | 18

Table 7.4: Experiment 9: Measurements of the robot’s stefifterent values oftr andM,,
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Figure 7.22: Experiment 10: The step of an 8 module virtubbtan function ofAg

7.3.4.3 Experiment 9: Step of the Cube Revolutions robot

In the figure 7.21 the results obtained in the movement inagtit line of Cube Revolutions with
the predictions for the wired and hexahedric models are emetp Experiments have been carried
out for the values oM, equal to 3 and 4 that correspond wkhk= 2.6 andk = 2 respectively. It

is observed that the equation that most approximates todtet's step is that of the hexahedric
model. Nevertheless, when the valuesxabecome near to the maximum, they begin to differ from
the theoretical ones.

In the table 7.4 the numerical values that have been measutkd real robot are shown. In these
experiments the robot has moved during a period and thendistzovered has been measured with a
ruler, repeating it various times to avoid erroneous resdlhe symbol&x; andAx, denote the step
taken by the robots with parametéig = 3 and 4 respectively.

7.3.5 Step and phase differencAg

7.3.5.1 Experiment 10: influence ol

In the figure 7.22 the robot’ step has been shown in functidgh@phase difference for an 8 module
virtual apodal robot. The amplitude applied to the genesdtas been fixed & = 45 degrees.
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Position of the robot's centre of mass

A®=0 Ad=180

Distance (cm)

Time (sec) Time (sec)

0000000 0000000

Figure 7.23: Experiment 11: Simulation of the movement o8anodule robot when the generators
are in phase and 180 degrees out of phase

Itis observed that the graph is odd. This is due to the synympeinciple (section 4.4.5.1). If the sign
of Ag is changed the movement is made with the same step but in tresivg direction.

In the points wherég is 0 and 180 degrees, the step is nil, as established by theigde of genera-
tors in phase and opposition of phase (section 4.4.5.2).

In the region that is blank, the vallkés less than 2, therefore the robot is unstable. What is ninare t
movement is chaotic. A small variation &xp means that the step passes abruptly from a maximum
value to a minimum. Within the stable zone, the step is irelgnsroportional taAg until it reaches

a value in the region of 165 degrees where the effect of thegpbpposition dominates and the step
falls off quickly to zero.

7.3.5.2 Experiment 11: Generators in phase and oppositiorf phase

This experiment is the confirmation of the phase and the appo®f phase principle for which the
robot does not move in these conditions. In the figure 7.2X nedz co-ordinates of the centre of
mass of the robot in function of time when the generatorsraphasef@ = 0) and in opposition of
phase fi¢p = 180). Also the shape the robot adopts at different pointdkas drawn. In both cases
the z co-ordinate oscillates, causing the height of the robots® and fall. Movement ixx does not
exist, though there is a slight oscillation in the case ofagiion of phase.

In the figure 7.24 the shape the virtual robot and Cube Rdwolsiadopt in the situations in which
Ap =0 andAg@ = 180 are shown. For Cube Revolutions only the movement in sifipo of phase



7.3. EXPERIMENTS OF LOCOMOTION IN 1D 327

Simulation Simulation Real robot
AD=0 A® =180 A® =180
] simulation [=(p(x] o simulation —mx]

= simulation * [EEER) = simulation [—l[mx]
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Figure 7.24: Experiment 11: Shapes of the virtual and rdadt®©when the generators are in phase
and 180 out of phase
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has been presented, as the servos do not have sufficient frpa@opt the shapes that are produced
when the generators are in phase. It is the confirmation ictiseaof the figure 4.44 obtained from
the theoretical equations.
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7.4 Experiments of locomotion in 2D

7.4.1 3D serpenoid waves

These experiments show some of the shapes that the body pittiieyaw group of 32 module
robots adopt, when two serpenoid waves are superimposedh dme vertical joints and the other in
the horizontal ones, forming a 3D serpenoid wave. The dleag8bn of these waves is shown in the
section 3.6.4.3.

7.4.1.1 Experiment 12: straight isomorphic waves

The isomorphic waves have the characteristic that thejeption in thezy plane is a fixed figure,
that does not vary with the propagation of the wave. We denataithe straight isomorphic waves
as those whose projection in this plane is a straight linethis experiment two types of straight
isomorphic waves are shown, the flat and the inclined andphejection on thexy plane is compared
with a serpenoid curve calculated by means of the theotetigetion (see figure 7.25). Itis observed
that for both types of waves, the shape adopted is that op@seid curve. In the case of the straight
inclined isomorphic wave the resulting angle of the windifithe curve is calculated by the equation
5.23 and for the two examples their values are of 72.4 and @gBees. Two screenshots for each
curve, one showing its shape in tkeplane and the other in perspective to be able to appreciate th
incline.

7.4.1.2 Experiment 13: Elliptical and circular isomorphic waves

In this experiment the elliptical and circular isomorphiawes are shown in an apodal robot with 32
modules. The results are shown in the figure 7.26. Each typexe¢ is shown for different values
of the parameterg andk. Also the flat versions of the curves have been included, iichw, is of

an order of magnitude greater thap. For this reason the shape of the robot is “flattened” and can
approximate to a serpenoid curve.

7.4.1.3 Experiment 14: Non isomorphic waves

In this experiment the shape of a 32 module robot is shown wbarisomorphic waves are used. In
the upper figure 7.27 the screenshots have been realiseffieredi phases to be able to see that the
shape changes with the phase. In the second example, fghere it can be seen that fgr = ¢, the
section of the robot is an ellipsoid and fpr= ¢ it has the shape ob.

The robots in the lower part of the figure correspond to thieatfrtave two flat non isomorphic waves.
They can be approximated by two serpenoids orxthaane.
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3D wave | Parameters Top View Perspective view

Simulation ! Simulation

M=32
kp=ky=1
o,=77

0,=51.2

Achh=O

Simulation ! Simulation

Flat straight Isomorphous

M=32
kp=ky=2
0,=6.5

0, =65.3

A(I)vh=0

simulation = simulation [=)E)[x]

M=32
kp=ky=1
o, =51.2
Q=512
o=72.4

Ao =0

] Simulation B@ =] Simulation Q@E]

Inclined straight Isomorphous

M=32
kh= ky= 2
0L, =653
0., =653
0,=92.3

Figure 7.25: Experiment 12: Straight isomorphous waves
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M=32
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M=32
A® , =90

A(Dvh=45
M=32
kh=kv=2 (X,V=(X,h=39.2 kh=kv=1 (xv=(1h=76.9
[ simulation [=lElx]] | = simulation EEE
Flat
circular isomorphous
ACDVh=90
M=32
kp=k,=2 Op =392 =26 kp=ky=1 Oy =769 0, =51
] Simulation [=lEl] | [ simulation EEE
Flat

Figure 7.26: Experiment 13: Elliptic and circular Isomoopls wave
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3D wave | Parameters ¢ =0 0} =<1)2

Sirnulation Q@E} @ Simulation Q@@

|

0,=283
0l,=52.3

A(I)vh=0

|

Simulation Q@@

|

Simulation Q@_@

NON isomorphous
|

ky=4 O,=7.1 ky=2 0L,=65
M=32 kh= 2 (xh=52.3 Aq)vh=0 M=32 kh= 1 ah=51,3 Aq)vh=0
E] Simulation Q@E] =] Simulation Q@E}

Flat NON isomorphous

Figure 7.27: Experiment 14: Non isomorphous waves
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Parameters Virtual robot Real robot

= Simulation Q@@

A=40
0=28.3
¢=161
M=8
k=1

M Simulation E]@E]

A=45
0l=24.4
»=-70
M=8
k=1.5

Figure 7.28: Experiment 15: Comparison between the realvataal robots with the theoretical
curve

7.4.2 Movement in a straight line
7.4.2.1 Experiment 15: Shape of the robot

In the figure 7.28 the shape of an 8 module robot with pitch-gannection, is compared — both
simulated and real — with the shape obtained by means of #wdtical equations 3.29 and 3.30.
Compared to the robots of the pitch-pitch group, the bloblks &re now employed are of pitch-yaw
type and the parametedsanddy have the value&/2 and 2 respectively (section 3.3.4.3). Itis
observed that the theoretical curve and the shape of thedais are similar.

7.4.2.2 Experiment 16: Simulation of movement of Hypercubé a straight line

In this experiment the movements in a straight line of the étgpbe robot are simulated, when the
working points A and B, shown in the table 7.5 are used. In teré 7.29 the graph of the distance
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Distance travelled along the x axis (cm) Distance travelled along the y axis (cm)

15

Point A ------
PointB ——

Points A and B

-15 1 1 1 1 1 1 1 1 1 1 1 1 1 1

Time (Sec) Time (Sec)

Figure 7.29: Experiment 16: Distance travelled by the rab&inction of time (during two cycles)

| Working points | av | kv [A [ A@ | an | kn | An ]
Point A 141 1 | 20| 90 O|-1]0
Point B 2441151451351 0| -] O

Table 7.5: Working points used for the experiments on theruation in a straight line

travelled along thex axis in function of the time is shown, during two cycles, fbe ttwo working
points. It is seen that they are not straight lines. The marens not uniform rectilinear. This is
due to the fact that the established criterion of stabiitpdt fulfilled and in both casdsis less than
2. Given that the robot has only 4 vertical modules, thisdoih is never fulfilled. Nevertheless, the
robot’s movementis carried out. What is more, changingitheaf the parametekg, the movement
is realised in the opposite direction.

Also shown is the value of the movement on thaxis, demonstrating that it is non-existent. The
robot only moves in a straight line.

The figure 7.30 shows the screenshots of the simulated matéma straight line that corresponds
to 8 moments in time, when the working point B is used.

7.4.2.3 Experiment 17: Hypercube's movement in a straightihe

This experiment demonstrates that the robot Hypercubelda of moving in a straight line. In the
figure 7.31 the photos taken during the movement are showrgsponding to the same moments as
in the simulation shown in the figure 7.30.
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Point B: 0l=24.4 M=8 A=45 (degrees)
k=1.5 Mu=5.3 Ad=135 (degrees)
™ Simulation [EEE] ™ Simulation ==
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Comparison between the
initial and final locations
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[BETE
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=="=p

Ax=5.7cm

Figure 7.30: Experiment 16: Screenshots of the locomotfothe virtual Hypercube robot in a

straight line
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Point B: Ol=24.4 M=8 A=45 (degrees)
k=1.5 Mu=5.3 A@=135 (degrees)

Comparison between
the initial and final locations

Figure 7.31: Experiment 17: Locomotion of the Hypercubeotab a straight line

| Workingpoints [ M | av | ke [A/ [ A [ an | ke | An | Agh | Agan |

Point A 32| 65| 2 | 5| 45 |523| 2 | 40| 45 90
Point B 32| 51| 1|2 |225|512] 1 |20|225| 90
Point C 8 |141| 1 | 20| 90 | 283| 1 |40| 90 90
Point D 8 | 108| 15| 20| 135|216 15|40 135| 90
Point E 8 |424| 1 | 60| 90 |424| 1 |60| 90 30

Table 7.6: Working points used for the experiments on sigswaovement
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Figure 7.32: Trajectories of centre of gravity of a 32 modapedal robot for the working points A
and B

7.4.3 Sideways movement
7.4.3.1 Working points

All the working points employed in the sideways movementegipents are shown in the table 7.6.
The points A and B are for the simulation of a32 module apodlabt and the rest for an 8 module
one.

7.4.3.2 Experiment 18: Movement of the continuous model

In this experiment the path travelled by a 32 module apodadtrare calculated when its sideways
movement is simulated. The working points employed are ARBnd@he results are shown in the
graphs of the figure 7.32. The duration of the simulation ifoaf periods. For each point 4 paths
have been represented in function of the sigi\@fy, and in the direction of the propagation of the
corporal wave (section 5.7.7.4).

It is observed that the robot follows a rectilinear path ia goint A, but in B it starts to bend. That is
to say, besides a sideways movement there is a small chatigeanientation.

In comparing both paths it is seen that the robot has advductmtr in point B than in A.

In the figures 7.33 and 7.34 the screenshots during the maouerhéhe robots are shown, in points
A and B respectively, for one cycle.

7.4.3.3 Experiment 19: Step of the sideways movement

In this experiment the steps given by the robots in the pdirdad B in the simulation are compared
with the theoretical equations of the module (eq. 5.26) aecbtrientation (eq. 5.26). It is seen that
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Figure 7.33: Experiment 18: Screeshots of the simulatich@bideways movement for the working

point A
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Point B:

o, =5.1

k=1  Ay=2  AD,=225 Ad, =90
0, =512 ky=1  A,=20 A®p=22.5 M=32
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Movement during one cycle
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Movement during two cycles
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Figure 7.34: Experiment 18: Screenshot of the simulatigh@kideways movement for the working

point B
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Figure 7.35: Experiment 19: Comparison between the steihéworking points A and B

the values of the simulation are below the theoretical omas.theoretical equation is calculated for
the wired model and supposing that the supporting pointairefixed to the ground, nevertheless in
the simulation of the hexahedric model this does not happlea points slide.

7.4.3.4 Experiment 20: Simulation of Hypercube in the poins C and D

The simulation of the sideways movement of an 8 module apadalt in the working points C and
D are shown in the figures 7.36 and 7.37.

7.4.3.5 Experiment 21: Movement of Hypercube in the points Gnd D

The sideways movement of the Hypercube robot in the workipigte C and D are shown in the
figures 7.38 and 7.39.

7.4.3.6 Experiment 22: Comparison between simulation and geal robot

In this experiment the curves of the real robot's step arepayed with the simulation for points C
and D and they are compared with the theoretical curves. @hdts are shown in the figure 7.40.

7.4.3.7 Experiment 23: Inclined sideways movement

The simulation and real movement of the robot when the mow¢mef an inclined sideways type
(point E) is shown in the figures 7.41 and 7.42.
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A,=20  AD,=90  Ad,, =90

PointC: (Q, =14.1 k,=1 A
=90  M=8
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Simulation
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|[AT|=17.7 cm
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Simulation Simulation

Figure 7.36: Experiment 20: Simulation of the sideways nmaset of the Hypercube robot for the

working point C
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Point D: 0, =108 k,=15 A,=20 A®,=135 Ad, =90
O =21.6 k=15 A,=40 AQ, =135 M=8

Movement during one cycle

Simulation Simulation

Comparison between the
initial and final positions

Simulation Simulation

Simulation

Simulation simulation AT |A?|=63 cm

Simulation Simulation

Figure 7.37: Experiment 20: Simulation of the sideways nmaeset of the Hypercube robot for the
working point D
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Point C:
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0, =283 k=1 AR=40  Ad,=90
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Movement during one cycle
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|AF|=17.5 cm
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Figure 7.38: Experiment 21: Sideways movement of the Hygm¥cobot for the working point C
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PointD: (O, =10.8 k,=15 A, =20 Ad,=135 Ad,, =90
O, =21.6 k=15 A,=40 A®p=135 M=8

Movement during one cycle
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Movement during four cycles

Figure 7.39: Experiment 21: Sideways movement of the Hygmgecobot for the working point D
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Figure 7.40: Experiment 22: Comparison between the sinomand locomotion of Hypercube
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PointE: O, =424 k,=1  A,=60 AQ,=90
O, =424 k=1  A,=60 Ad,=90
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Figure 7.41: Experiment 33: Simulation of the inclined sidgs movement of Hypercube for the

working point E
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PointE: O, =424 k,=1 A =60 A®,=90  Ad =30
O, =424 k=1  Ap=60 AQ_ =90 M=8

Movement during one cycle
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initial and final locations

Figure 7.42: Experiment 23: Sideways movement of Hyperdobtiae working point E
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| Workingpoint | M | av | kv [A/[A@ | on | kn [ A ] Agn | D@ |

Point A 321131 4 | 10| 90 | 52.3| 2 | 40| 45 0
Point B 32| 128| 2 | 5| 45|513| 1 |20|225| O
Point C 8 | 15 2 |30 |180| 20 1 40| 90 0
Point D 8 | 53|16|10|140 34 | 08|40 70 0

Table 7.7: Working points used for the experiments on rotati

7.4.4 Rotation

7.4.4.1 Working points

All the working points used in the experiments of sidewaysement are shown in the table 7.7. The
points A and B are for simulation of a 32 module apodal robatBRrand C for one of 8 modules.

7.4.4.2 Experiment 24: Path of movement in the points A and B

The paths of the centre of mass of a 32 module apodal robotirythlane when it rotates in the
working points A and B are shown in the figure 7.43, for fouripas. For each point two paths
have been shown corresponding to the two directions of tbpggation of the corporal wave. It
can be seen that when the direction of propagation is chathgattations are made in the opposite
direction.

Also the angle of orientation of the central module has béwwa. Initially O degrees is taken as
reference. This orientation oscillates, due to the yaw muar of the central module, but the average
value increases with each cycle due to the rotation.

The movement in point B has a greater angular step. At the Eftdipperiods the robot has rotated
practically 360 degrees and the position of the centre obrisagery near to the initial position.

In the figures 7.44 and 7.45 8 instants are shown during tlagioatin a cycle of the apodal robots,
at the points A and B respectively.

7.4.4.3 Experiment 25: Variation of the angle of rotation wth o

In the figure 7.46 the graph that relates the angular steperbtay the apodal robot to the winding
anglea is represented. The data has been obtained from the sionutHta 32 module apodal robot,
for the working points A and B. The tendency is for the angleatétion to increase witkr.
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Figure 7.43: Experiment 24: Rotation of a 32 module apodabtéor the working points A and B
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Point A: (O, =13.1 k =4 A =10  A®,=90 Ad, =0
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Figure 7.44: Experiment 24: Simulation of the rotation gé& 32 apodal robot for the working point
A
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Figure 7.45: Experiment 24: Simulation of the rotation gt 32 apodal robot for the working point
B
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Figure 7.46: Experiment 25: Rotation angle in functioroof

7.4.4.4 Experiment 26: Simulation of Hypercube

The simulation of the sideways movement of an 8 module apadalt in the working points C and
D is shown in the figures 7.47 and 7.48 respectively.

7.4.45 Experiment 27: Rotation of Hypercube

The rotation of the Hypercube robot in the points C and D issshmn the figures 7.49 and 7.50
respectively.

7.4.4.6 Experiment 28: Comparison between the simulationral the real movement of Hyper-
cube

In the figure 7.51 the comparison of the results obtained@&tmulation and the real movement of
Hypercube in the working points C and D respectively are shdwboth the tendency is for angular
step to increase when the winding angle is increased.
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Figure 7.47: Experiment 26:

Simulation of Hypercube in ttegking point C
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Figure 7.48: Experiment 26: Simulation of the rotation ofgdycube in the working point D
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Comparison between the
initial and final locations

Rotation during three cycles

Figure 7.49: Experiment 27: Rotation of Hypercube in thekirgy point C
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PointD: O, =53 k,=1.6 A,=10 AQ,=140 Ad, =0
0, =34 k=08 A,=40 Ad, =70 M=8

Rotation during one cycle

Comparison between the
initial and final locations

Rotation during three cycles

Figure 7.50: Experiment 27: Rotation of Hypercube in thekirgy point D
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Figure 7.51: Experiment 28: Comparison between the sirdlahd real rotation gaits
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| Workingpoints | M | a | A [A@ | Ag | A |

Point A 20| 40 | 4 0 0 90
Point B 20| 180| 18| O 0 90
Point C 201270 27| O 0 90
Point D 201 360|136 O 0 90
Point E 8 1120 30| O 0 90
Point F 8 1240 60| O 0 90

Table 7.8: Working points used for the experiments on rgllin

a) Position of the centre of mass b) Robot step
_. 80 25
5 A
o 60 20 1
] B
> 15 F
o 40
S
€ 10 C
=
o 20 ©
2 5|
©
2 0 D
o ! ! ! 0 L L L L L L
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Time (sec) o (degrees)
c) Rotation angle (degrees) d) Comparison of simulated and real steps
1000 25
----- Theoretical equation
20 From=s —— Simulation
800 :
600 5
£ 10
400 G
5 -
0
1 1 1 1 0 1 1 1 1 1 1
0 5 10 15 20 0 100 200 300
Time (sec) o (degrees)

Figure 7.52: Experiment 29: Results of the simulation of ar@lules apodal robot when rolling in
the working points A,B,C and D

7.4.5 Rolling movement

7.4.5.1 Working points

The working points employed in the experiments of the rglimovement are shown in the table 7.8.
The first four are for the simulation of a 20 module apodal t@al the E and the F for the movement
and simulation of an 8 module Hypercube.
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7.4.5.2 Experiment 29: Kinematics of the movement

In this experiment the rolling movement of a 20 module robad been simulated in the working
points A, B, C, and D. The results obtained are shown in thedoaphs of the figure 7.52.

In the grapha) the distance travelled along thi@xis and for the centre of mass of the robot in function
of time, can be seen. It is observed that it deals with a umifrctilinear movement, as had been
obtained in the section 5.6.5.3. What is more, the speedeofnittvement varies with the parameter
a. The pointA is that which has axr less and is that which moves with greater speed. On the other
hand, in the point D¢ has a maximum value of 360 and there is no movement.

The robot rolls with a constant angular velocity. Given tiht period in all the working points is the
same, the angular velocity of gyration is the same for alk @hgle that it rotates around its corporal
axis in function of time is shown in the gragh It is the same for all the working points. In the point
D, the robot rolls, but it does not advance.

The variation of the robot’s step wittn is shown inb). On the curve the steps given in the selected
working points have been represented. In the lower g(dpthese experimental values are compared
with those obtained by the step equation (eq. 5.16).

Given that the simulated robot has a square section, themmeves only realised whea is greater
thanamin, where this minimum value is given by the equation 5.21. Rerrbbot of the experiment,
of 20 modules, the square section of the dide 5.2cmand length of the module= 7.2cm, the dpmin
has a value of 12.3 degrees. The experiments confirm thaii@rlvalues the robot does not roll.

In the figures 7.53 and 7.54 the screenshots of the movemeéheidifferent working points are
shown.

7.4.5.3 Experiment 30: Simulation and movement of Hypercué

In the figures 7.55 and 7.56 Hypercube is shown at differemherags during the rolling gait, for the
working points E and F respectively. Both the simulationd #re real movement of the robot have
been carried out.

7.4.5.4 Experiment 31: Comparison between the real movemeand the simulation of Hyper-
cube

In the figure 7.57 the comparison of the robot'’s step in fuorctf a with the simulation and the
theoretical equation is shown. First it is noted that theigalf o, of the simulation and the theory
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Point A o =40 grados M=20 Point B 0, =180 grados M=20

Sirmulstian laiimbat]

= Simulstian |t EE R

Figure 7.53: Experiment 29: Rolling gait of a 20 modules apodbot for the working points A and
B
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Point C 0 =270 degrees M=20 Point D 0 =360 degrees M=20

Simlatsan | (R

Simulastian PS1= 5

Figure 7.54: Experiment 29: Rolling gait of a 20 modules adodbot for the working points C and
D
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Point E

0o =120 degrees M=8

Simulation

Real robot

Figure 7.55: Experiment 30: Rolling gait and its simulatioidypercube, for the working point E
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Point F O =240 degrees M=8

Simulation Real robot

Simulatian

Figure 7.56: Experiment 30: Rolling gait and its simulatiotdypercube, for the working point F
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Robot step (cm)
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Figure 7.57: Experiment 31: Comparison between the stdpedflypercube Robot and its simulation
and theoretical equations

coincide, nevertheless in the case of the real robot thisevial greater. Greater amplitudes must be
applied so that the robot begins to roll.

Secondly it is noted that the simulation and the real rob®g#ove the theoretical curve. This is due
to the fact that the dynamics of the system has not been takeaccount. Once the robot begins to
roll it acquires an inertia that causes the step to be gréaerin the theoretical case, in which only
the geometry has been taken into account for its calculation

It is noted that the variation of the incline of the step indtian of a is similar in the three cases.
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[Points [ M [ av | an [ kv | A/ ] An] A ]

8 | 12| 90 | 1.3| 20| 22| 120
8 | 12| 180| 1.3| 20| 44 | 120
8 | 12360 1.3| 20| 90| 120

S 18| 40| 90 | 1.5| 40| 10| 60
S 18| 40| 90 | 2 [ 51| 10| 80
S 181 40| 90 | 25| 61| 10 | 100
S 181 40| 90 | 3 [ 70| 10| 120
A 18| 40| 90 | 3 | 70| 10| 120
B 181 40| 180| 3 | 70| 10| 120
C 18| 40| 360| 3 | 70| 10| 120
D

E

E

Table 7.9: Selected working points for carrying out the ekpents on locomotion in a circular path

7.4.6 Circular path

7.4.6.1 Working points

The working points employed in the experiments of movemettié¢ circular path are shown in table
7.8. The first fourS; — S, are used to test the stability of an 18 module robot, thefofig three, A,
B, and C, are for the simulation of the turn of an 18 module apozbot and the three last, D, E and
F for the movement and simulation of an 8 module Hypercube.

7.4.6.2 Experiment 32: Stability during the turn

The aim of this experiment is to test the criterion of stapiixpounded in the section 5.5.4.1, ac-
cording to which the circular path movement of a robot is gisvstable if the parametéris greater
than or equal to 3 (valid for the wired model). An 18 module@dgd@obot is simulated when it moves
using the point&; — . They are all equal, onlk changes its value. To test the stability we measure
the evolution of the angle of inclination (roll) of the robeith time. The results are shown in the
figure 7.58. In the poin§; (k = 1.5) the robot overturns. The angle of inclination decreasgiit
reaches a point of no return. In the po$tit does not overturn but there is a strong oscillation which
causes the movement to be very abruptSdrthe oscillation persists but is mitigated. FinallySg,

the inclination, while existing, does not affect the movaméeing quite uniform. Values greater
thank will cause the oscillation to diminish even more.

In the figure 7.59 the position of the robot for the three ddfe phases is shown, in all the working

pointsS; — S.
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Figure 7.58: Experiment 32: Results of the stability tefitslination angle of the robot in function

of time
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Point S1  k=1.5 M=18 Ol,=90 O,=40 Unstable
- i R P _miuletien _  IEGaB Sirtulatien ____ =i

s

Point S2

k=2 M=18 Ol,=90 Q, =40

Unstable

Birmlatian

Sirmulatian

Figure 7.59: Experiment 32: Stability of the circular patitgf an 18 modules apodal robot for
different values ok
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Trajectories

35

25 —

20 —

15 —

Distance in y axis (cm)

0 ! ! ! ! ! !
0 5 10 15 20 25 30 35

Distance in x axis (cm)

Figure 7.60: Experiment 33: Trajectory of the mid-point of B8 modules apodal robot for the
working points A,B and C

7.4.6.3 Experiments 33: Paths

In the figure 7.60 the positions of the mid-point of an 18 medwabot is shown in function of time,
for the working points A, B and C. It can be seen that the radfuarn is different according to the
point.

In the figure 7.61 the screenshots that correspond to five misrdering the movement in a cycle of
the robot are shown for the three working points. To apptediatter the movement of the robot, in
the figure 7.62 the positions of the robot in four cycles amnsh all of them corresponding to the
same phase.

7.4.6.4 Experiment 34: Movement and simulation of Hypercub

The circular path movement of Hypercube as also its simarlati the working points D, E and F is
shown in the figures 7.64 and 7.63 respectively.
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Movement during one cycle

Point A Point B Point C

Qo,=90 M=18 k=3 (, =40 Op=180 M=18 k=3 (=40 Op=360 M=18 k=3 (|, =40
3 simulstion [P - = TR £ Slmulstian

£

Figure 7.61: Experiment 33: Simulation of the circular pg#tit of an 18 modules apodal robot for
the working points A,B and C, during one cycle
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Movement during four cycles

Point A Point B Point C
0h=90  M=18 k=3 (l,=40 0,=180 M=18 k=3 (l,=40 0,=360 M=18 k=3 (I, =40
= simulstian T (R = Simulstian = £ Simulstion L=iiER!

.. :

]
J

[(T4)-= =

Figure 7.62: Experiment 33: Simulation of the circular pg#tit of an 18 modules apodal robot for
the working points A,B and C, during four cycles
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Movement during four cycles

Point D Point E Point F
0p=9%  M=8 k=13 (|, =12 0lp=180 M=8 k=13 (|, =12 0L, =360 M=8 k=13 (|, =12
) Sirmulatiain I=ilmial L Slrmulatian i 25 ]

Figure 7.63: Experiment 34: Simulation of the circular pgdiit in the working points D,E and F
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Movement during four cycles

Point D Point E Point F

Op=90  M=8 k=13 Q=12 Ol =180 M=8 k=13 (|, =12 Ol =360 M=8 k=13 (|, =12

Figure 7.64: Experiment 34: The Hypercube robot moving iireutar path, in the working points
D,E and F
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7.5 Experiments of the movement of the minimum configura-
tions

7.5.1 Movementin a straight line
7.5.1.1 Experiment 35: Robot's shape

In this experiment the shape of the wired model of the PP cordigpn given by the theoretical
equations is compared with that of the real robot and thelsitiom. The position vectors of the four
principal points of the PP configuratiorg, 77,72 andT3 are calculated in the section 6.4.3.1. Starting
with the phasep, the stage in which the robot is found is deduced (sectio2 pand for each stage
the value of the angle of orientati@r is calculated (section 6.6.2.4). From this data the wiredeho
is drawn and is superimposed with the screenshots of thdaim (figure 7.65) taken in the same
phases and with the photos of the robot Minicube-I (figuréé¥ d@so in these same phases. The
wired model is scaled so that the lengdtiof its modules is equal to those with which it is desired to
compare.

It is shown that the theoretical equations obtained faithfiepresent the wired model, in both the
simulation and the real robots.

7.5.1.2 Experiment 36: Movement and simulation of Minicubel

Experiment to prove that the robot Minicube-1 (PP configiorgtmoves in a straight line. The work-
ing point where the co-ordination is best has been cha&en=109), and as amplitude the half of
the range has been takeh=£ 45). In the figure 7.67 the screenshots of the simulationtzwess and
in the figure 7.68 the photos of the movement of the real robot.

7.5.1.3 Experiment 37: Step of the wired model

In this experiment the simulation of the step of the wired eiad the PP configuration is compared
with the theoretical equation (eq. 6.17). In the figure 716® tesults are shown. The simulation
has been realised with the “flat” model in which the heighth& module is negligible in relation to
its width and length. In the graph on the left the variationtte step with the phase is shown. For
Ag > 90 both models behave in a similar way, with an error relativeinor of 6%. In the zone
A@ < 90 the distance between the supporting points during stageeases, therefore the movement
does not depend on the co-ordination but rather on thedridietween the supporting points and the
ground. This zone is of no interest as it does not fulfil theecion of co-ordination (section 6.6.3.2).
The theoretical equation of the step, therefore, is onlidvfar Ag > 90.
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Figure 7.65: Experiment 35: Comparison between the shafiged?P configuration in simulation
and the theoretical equations
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Working point A=45 A®=109

-199 (degrees)
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Figure 7.66: Experiment 35: Comparison between the shatiedflinicube-I robot and theoretical
equations
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376

Simulation during one cycle

45 Ad=109

A=

| Working point

Figure 7.67: Experiment 36: Simulation of the movement itraight line of the Minicube-I robot
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Movement during one cycle

45 A®=109

A=

| Working point:

Figure 7.68: Experiment 36: Movement in a straight line &f Binicube-I robot, during one cycle
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Figure 7.69: Experiment 37: Comparison between the steps lgy the wired model of the PP
configuration and the theoretical equation

In the graph at the right the variation of the step is compavitd the amplitude, for the phase of
A = 110, where the co-ordination is best. The graphs are sirfigfak < 70. From this amplitude
the step in the simulation continues growing withbut at a slower rhythm than that indicated by the
theoretical equation.

7.5.1.4 Experiment 38: Step of the hexahedral model

In this experiment the step of the hexahedric model is obthirom the simulation and it is compared
with the wired model and the real robot. The results are showime graphs of the figure 7.70.

In the upper graphs the wired model is compared with the reskad Firstly it is seen that the step
taken by the hexahedric model is greater than in the caseeolvited model. This is due to the
supporting points of the extremities. In the hexahedric eitlile segments that unite the joints with
the supporting points have greater lenggtand therefore the step is greater. The graph of the step in
function of Ap shows a movement to the right. The maximum that existsgr= 110 in the case of
the wired model, has been transferred to the paipt= 150 in the hexahedric. The top right hand
side graph shows the variation of the step with the amplibfdde two models. They behave in a
similar way. WherA increases the step increases.

In the lower part the hexahedric model is compared with thseilte obtained of the real robot’s
movement. The behaviour in the zdwe > 110 is qualitatively similar. The step increases until
it reaches a maximum, then abruptly diminishes. Quantébtithe step taken by the real robot is
greater in the same zomep > 110. This is due to the geometry that is not hexahedric in ¢a¢ r
robot. The differences can be seen in the screenshots takem experiment 36.

In the graph on the lower right the variation of the step wite amplitude is shown when the dif-
ference of phase is 110 degrees. It is seen that the variatgimilar: the increase in the amplitude
causes the step to be greater.
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Figure 7.70: Experiment 38: Comparison between the stegndiy both the wired and hexahedral
model and the real robot
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Independently of whether it be the wired model, the hexahexrthe geometry of the real robot, a
point exists where the co-ordination is the best and theistefaximised. In all these cases the step
increases with the amplitude

7.5.1.5 Experiment 39: movement of the configuration PYP

This experiment proves that the robot Minicube Il (configioraPYP) moves in a straight line when
the same co-ordination is applied as in the case of the PPycwafion. In the figure 7.71 the shape
of the robot at different moments is shown. In the column enléfit the movement during a period
is seen and on the right the simulation of 4 cycles.
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Working point:

A=45 A®=109

Movement during one cycle

e

4

Movement during four cycles

4

Figure 7.71: Experiment 39: Movement of the Minicube-llobm a straight line
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| Working points | A, | An | A | Agn |
Point A 3040|180 | 90
Point B 30| 80| 180| 90

Table 7.10: Working points for the experiments on rollingla# PYP configuration

Rotation angle during one cycle
40

r —— Point A
20+ Point B

(degrees)
o
T

20+

40

-60

Time (sec)

Figure 7.72: Experiment 40: Angle of rotation in functiontiofie
7.5.2 Rotation
7.5.2.1 Working points

The working points for the experiments of rotation of the fagguration PYP is shown in the table
7.10. The only difference is the amplitude of the central oled

7.5.2.2 Experiment 40: Variation of the angle of rotation

In the figure 7.72 the variation of orientation of the robaténtral module with the time is shown
during a cycle. In the initial state the angle of zero degreésken as reference. The central module
oscillates to both sides, but at the end of a cycle the nettrissthat its orientation has varied a
guantity equal to the angular step. It is also observed Heatdtation at the poirh is less than aB,
because it depends on the paraméteiWhen it is increased the angular step increases.

7.5.2.3 Experiment 41: Path of the centre of mass

The path of the centre of mass during a cycle for the two warkiaintsA andB, is shown in the
figure 7.73. To the left it is shown in greater detail and tortgbt referred to the robot’s total length,
that is approximately 22 cm. It is observed that for the pBitiie movement of the central module is
greater and that at the end of a cycle it is not placed in thgirai position but it has been displaced
a certain distance. For poiBtthis movement represents a 9% of its total length.
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Trajectory of the centre of mass during one cycle
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Figure 7.73: Experiment 41: Trajectory of the centre of nthging the rotation

7.5.2.4 Experiment 42: Rotation of Minicube-Il and its simuation

Minicube II's rotation and its simulation in the working pd$ A and B is shown in the figures 7.74
and 7.75 respectively. On the left the shape of the robot easelen in 5 screenshots of the same
cycle, for both the real robot and the simulation. On thetrth variation of the position of the robot
during 4 cycles is shown to display how it goes rotating.

7.5.2.5 Experiment 43: Comparison of the theoretical angalr step, simulated and real

In this experiment the angular step is represented in fanaif the parametedy, for the real, the
simulated robot and the theoretical equation (eq. 6.37)ywmhey are at the working poimt. It is
observed that in all the cases the angular step increadethwihorizontal amplitude in a very similar
way.
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Figure 7.74: Experiment 42: Minicube Il performing the ttada gait in the working point A
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Figure 7.75: Experiment 42: Minicube-I1 performing theatidn gait in the working point B
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Figure 7.76: Experiment 43: Comparison between the angtdarof both the simulated and the real
robot and the theoretical equation, for the working péint
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Figure 7.77: Experiment 44: Stability of the sideways mogatof the Minicube-Il robot
7.5.3 Sideways movement
7.5.3.1 Experiment 44: Stability

The sideways movement is realised applying the same cowidn as in the case of the rolling
movement. The difference is in the value of the paramigethat according to the criterion of the
section 6.8.2, if it is less tha#y,_ it will produce movement or to the contrary it will roll. Thele
of A, for the hexahedric model of the configuration PYP is of 51 drdes (Table 6.2).

This experiment tests what happens for the two working goiith A, = 60 and 30. With the first
the robot will roll, therefore we consider it unstable fodeivays movement. With the second the
correct movement is realised. In the figure 7.77 the angletation (roll) of the central module has
been represented. It can be seen that when the movemeritles #igs angle always remains at zero.
Nevertheless, in the case of instability the angle vargss;iing -90 degrees (it has turned over).

In the figure 7.78 the robot Minicube Il and its simulation fown during the realisation of the
sideways movement in these two working points.

7.5.3.2 Experiment 45: Sideways movement of Minicube-I1 athits simulation

In the figure 7.79 Minicube II's sideways movement and itsudation is shown. On the left the robot
can be seen in 5 moments during a cycle. On the right the relsbtiwn in 5 moments corresponding
to the start of each period, of a total of 4 cycles.

7.5.3.3 Experiment 46: Step and path

In the figure 7.80 the position of the centre of mass of the radehown, for the duration of four
cycles. It is observed that when the sign of the param®&ggy is changed the robot moves in the
opposite direction, but in the same way.
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Working point: A, =30 AL=60 Ad,=0 Aq)vh =90

Robot

Unstable movement

Simulation
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e

Robot

Stable movement
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Figure 7.78: Experiment 44: Stability of the sideways mogatof the Minicube-Il robot
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Working point:

A, =30 Ap=60 Ad,=0 A‘Dvh =90

Movement during one cycle

Movement during four cycles

Robot

Simulation

Figure 7.79: Experiment 45: Sideways movement of MinicUlzard its simulation
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Figure 7.80: Experiment 46: Step and path of the sidewaysmewnt of Minicube-I|

In the graph on the right the graph of the step given in fumotibA, for the real robot, the simulated
and the theoretical equation (eq. 6.35) are compared. bf #lese cases the step increases Wjth
Both the simulation and the real robot have a step greatertti@theoretical. This is because the
equation has been calculated for the wired model and thendignaf the supporting points has not
been taken into account.

7.5.4 Rolling movement

7.5.4.1 Experiment 47: Rolling movement of Minicube-Il andits simulation

The rolling movement of Minicube Il and its simulation areosim in the figures 7.82 and 7.81
respectively, during a period. An amplitudeof 60 degrees is used, The step taken by both robots
differs by 3%. Their values are below the maximum of 20.8 tatld be obtained if the robot could
roll in extended position.

7.5.4.2 Experiment 48: Path and angle of rotation

The angle of rotation in function of time is shown in the graphthe right of the figure 7.83. When
the sign of the parameté,;, is changed the direction of rotation changes.

This rotation causes the robot to move along the length ofytheis and, varying the position of
its centre of mass as indicated in the figure on the left. Iv@spalso, that the movement is sym-
metric with respect to the sign &gq,,. The movement tends to be uniformly rectilinear, but with
superimposed oscillations of small amplitude.
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Working point: A, =60 Ap=60 Ad =0 Ad,,, =90

Rolling movement during one cycle
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Figure 7.81: Experiment 47: Simulation of the rolling oneMihicube-Il, during one cycle
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Figure 7.82: Experiment 47: Minicube-Il performing thelimmg gait, during one cycle
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Figure 7.83: Experiment 48: Trajectories and angle of imtat
7.5.5 Circular path
7.5.5.1 Experiment 49: Movement of Minicube-Il in circular path

In the figure 7.84 the movement of the robot following a ciecyath during 4 cycles is shown.

7.6 Conclusions

We have developed simulator to confirm the validity of the solutions proposedfor the problem
of the co-ordination of the apodal robotsMfmodules of the pitch-pitch and pitch-yaw groups. This
tool allows us to simulate the movement of the apodal robioésip length, with the following aims:

1. Confirm qualitatively the viability of a solution, by meahthe visualisation of the movement
of the virtual robot.

2. Obtain quantitative and empirical data about the kin@satf the movement: step, path of the
centre of mass, speed, etc.

3. Implement functions of evaluation for the realisationsefirches by means of genetic algo-
rithms.

Obtaining solutions by means of simulation has its limitatons On the one hand, simplified models
are employed. In our case hexahedral models have been usethe@ther hand solutions appear
that function very well in the simulation but are not viablereal robots.

One of the aims of the thesists find valid solutions which can be implemented in real robos.
Therefore we havdesigned our own modulesdenominatedf1 Modulesand we haveonstructed
four prototypes of apodal robots Two of them belong to the pitch-pitch group and are the 8 n®du
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’ Working point: A, =45 A,=40 Ad,=110 ‘

Movement during five cycles

@)

Figure 7.84: Experiment 49: Minicube-Il performing a cilaupath

robot Cube Revolutionand the two modul&linicube-I (being the minimum configuration). The
other two belong to the pitch-yaw group. They are the 8 motyleercubeand the 3 module (the
minimum configurationMinicube ILI.

The experiments have been placed into three groups of mauenhe pitch-pitch group of robots,
the pitch-yaw group and the minimum configurations. For fithem the viability of the solutions
has been demonstrated both in the simulation and for theokats.

The principal conclusion ithe qualitative demonstration of the viability of the control model
based on sinusoidal generatorfor the movement of apodal robots belonging to the pitchipand
pitch-yaw groups. We have confirmed that this method is falithe movement of real robots. What
is more, the experimental relationship between the paensef the generators and the step taken by
the robot has been demonstrated and has been comparedevittoffosed theoretical formulas.

Finally, to allow other investigators to continue or reptbatse experiments, when possitle have
only used free technologiesall the software that we have used and developed, and thdevhes we
have designed and the modules we have created is free. Apybdrte to study our robots, build
them, modify them and redistribute them.



Chapter 8

Conclusions

"It's the question that drives us. It's the question thatugiat you here.”
— Trinity, in the film “Matrix”

This last chapter is divided into three sections. We begisg@nting the principal contributions of this
thesis together with a brief discussion of its implicatiofiken we sum up the particular conclusions
of each chapter. Finally we indicate some of the possibleréulines of investigation that will give
continuity to this work.

8.1 Main contributions

After asking the initial questions, developing the mathécah models, obtaining the results and
testing them both in simulation and real robots, we arrivbatollowing conclusions:

1. The viability of the sinusoidal generators as controlless fnovement in one or two dimen-
sions of the apodal robots of the groups pitch-pitch andtpitaw, in the steady state on level
homogeneous surfaces without obstacles is proved

This controller is valid for robots with a number of modulesater or equal to two or three,
according to whether the connection is of pitch-pitch oclpiyaw type respectively. In reply
to the question made in the aims, “Is movement of the robainbt?” the answer is “yes”.
What is more the movements obtained are very smooth andahagining the sensation that
the robot is alive.

The controller based on sinusoidal generators has threeadaantages. One is its scalability.
To carry out the movement of an apodal roboMbfnodules there is nothing to add except the
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same number of generators as there are modules. The otherdsanomy of resources. Very
few calculations are required which permits the implemiémteof them in low range micro-
controllers. The third advantage is their implementatiorvarious technologies: software,
digital electronic circuits or even analogue circuits.

By means of the use of FPGAS, specific circuits can be desithratdllow the robot to move
‘by hardware’ in the same way that lizard tails move when theysectioned.

. It has been demonstrated that the apodal robots belonginipeopitch-yaw group, with a

number of modules greater than or equal to three, can moveyLaileast five different gaits:
straight line, circular path, sideways, rolling and rotati. When the number of modules is
increased new movements appear such as sideways movengrsideways inclined and the
rotation in S.

The model of sinusoidal generators presented as hypotises only viable but allows a
variety of movements greater than the anticipated, giverstimplicity of the controller. The
author of this thesis never ceases to be surprised whenwihgéhe robot moving with this
variety of movements, knowing that the servos are simpljllating.

With the gaits obtained all apodal robots of the pitch-yaaugr of more than two modules
can reach whatever poii,y) of the plane, with any orientation. What is more, thanks ® th
rolling movement, it can recover its original position itipps over.

. The minimum dimension of the control space for the movenfethiecapodal robots of the

pitch-yaw group with more than two modules on a surface is fiveat is to say, that only five
parameters are necessary so that any robot with a pitch-gramection of more than two mod-
ules can move employing at least the five gaits discovered.pEinameters are the amplitudes
of the generators associated to the vertical and horizamdules, their phase differences and
the phase difference between the vertical and horizon&s.on

For the movement in a straight line the dimension is two. Qwly parameters are needed
to move any robot of the pitch-pitch group which has more tbae module. They are the
amplitude and the phase difference.

For the movement of a concrete apodal roboMbfmodules more control parameters can be
employed, such as for example the utilisation of differenphtudes for the different modules.
In this case the solution is not general, but particular & tbbot. In these spaces of greater
dimension more than one solution to movement can exist.isntiiesis we have concentrated
on looking for the space of minimum dimension that allows eraent independent of the
number of modules

Three novel gaits have been found, that had not previousyn baudied by other researchers
nor realised in any apodal robot, as far as we know. They agdrblined sideways movement
and the rotation in S and in Urhe movements of rotation are specially important as thewa
the apodal robots to change their orientation to point todirsction. Just by employing the
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movement in a straight line and the rotation the robot canlr@ay point of the plane and is
can be orientated in the desired direction

Any robot of the pitch-yaw group with more than two moduler eaecute the rotation in U.
The rotation in S with an undulation can be carried out bytaidke robots that have 8 or more
modules.

5. The problem of the minimum configurations has been presdotdtie topologies of one di-
mension and has been resolved. The two minimum configusdtare been found, of two and
three modules that are capable of moving in one or two dineeissiespectivelylt is, there-
fore, possible to answer the question asked in the aims: ¢Warie the robots with the least
number of modules that have the capability of movement?” di@ver are these minimum
configurations. To move in a straight line two modules areersary. To do so in a plane,
three.

This is a novel problem that had not previously been presentenvas proposed in 2005 in
[43]. The article was selected as one of the seven best ofahgress and received the “In-
dustrial Robot Highly Commended Award”. The two minimum figarations found with one

dimension topologies are made up of two modules with piticthpconnection (configuration
PP) and that made up of three, the central one being yaw artd/thextremities pitch (PYP

configuration).

These configurations are important for the following reasoh) They constitute the atomic
units of movement (AUM), that are capable of movement in a@laeaching whatever point
(x,y) of its surface and with any orientation. 2) They maximisernthenber of sub-robots into
which a self configuring modular robot can divide itself. 3)€y are the most efficient in
relation to the energy necessary to move them. 4) They alevstudy of movement of other
robots by means of the identification of their structureiam, finding new gaits and deducing
the viability of the movement of certain configurations tivauld not be known @riori if they
could move.

6. The relationships between the parameters of the generatmighe kinematic parameters of
the robots of the study group have been obtairked some gaits the theoretical equations have
been proposed and for others the empirical relationshgstaown.

These relationships show how each generator affects mowef@enerally speaking the ampli-
tudes are related to the size of the robot’s step (linear gulan) during a period and the phase
difference with the co-ordination and the type of gait. lingortant to know them so that the
controllers of the superior levels can react to the extestiauli modifying the kinematics of
the robot, as for example to reduce the amplitudes to be algie tnder an obstacle or through
a tube. Doing it, thanks to these relationships, we knowtti@tobot’s step will diminish, but
if the phase differences are not modified, the gait will besime.

7. Knowledge of movement of apodal robots of the study groufppéas summed up in 27 funda-
mental principles, 11 for movement in one dimension, amdthdor the movement in a plane
and 5 for the minimum configurations
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With these principles it is hoped that other researchersigineers of applications can move
any 1D topology modular robot of the mentioned groups, botkiinulation and in reality,
easily and rapidly. What is more, these principles can béiego the movement of the self-
propelled apodal robots, even though they use wheels apdédetracks as their main means
of movement they can also do it by means of corporal movements

8. It has been demonstrated that the solutions found to thd@mabof the co-ordination to obtain
movement of the apodal robots are valid for their use in reslats They have been tested in
four apodal robot prototypes, constructed from the uniothefY1 Modules, designed specif-
ically for this thesis. The verification for robots with diffent number of modules has been
carried out using the simulator developed for this purpose.

8.2 Other contributions

8.2.1 About methodologies

The study of movement of the modular robots in general isaaitittask due to the existence of an
infinity of possible configurations. What is more, the numbiiethem grows exponentially with the
guantity of modules employed.

To address the problem a classification into three largeligsrof the chain type modular robots has
been proposed, according to their size and topology. Theib-aiwision into three groups of robots
with one dimension topology (apodal robots) has been perhaccording to the type of connection
between the modules, This results in the group with conoegtaw-yaw, pitch-pitch and pitch-yaw.

This thesis addresses in detail the last two groups named.

To study each one of these groups a methodology has beensgbpased on identifying the con-
tinuous corporal waves that define the shape of all the mesndfeeach group. These waves are
parametrised and are described by means of points in a shape.s

A method for resolving the problems of direct and inverseskiatics has been proposed establishing
relations between the control spaces and that of the shigresach one of the gaits found. The
search for these gaits has been done by means of genetiitlaigoon the control space.

The problem of the minimum configurations has been formdlated the methodology employed to
resolve it described, based on iterating on the number ofutegdind realising searches with genetic
algorithms.

A technique has been proposed for analysing and synthgsisivements based on identifying the
minimum configurations in the wired model of other robots.isTéllows finding new gaits as well
as deducing the viability of the movement of certain configions which gpriori it is not known if
they would be able to move.
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8.2.2 About movement in one dimension

The study of movement in one dimension has been completeddapbots of the pitch-pitch group,
though it is applicable also to the pitch-yaw group thanktheoidea proposed of blocks. The equa-
tions have been calculated using generic blocks of paramétanddy. Each study groups has
different values for these parameters that when substijitiem in the generic equations permits
obtaining particular expressions for them.

It has been shown that only two parameters are necegsanglk to describe the shape of the apodal
robots of this group of any length and to determine its prig@eof movement. Both the stability and
the step depend on them. The dimensions of the control spacz 8y means of the relationships
established the amplitude of the generat®)sand the phase differenca¢) in the control space are
obtained.

An equation has been proposed to calculate the robot’s sigja ariteria to determine the stability.
Both can be expressed using either the parameters of the sipage ¢, k) or the control space

The mechanism that makes movement in a straight line pessitthe appearance of a corporal wave
that passes through the body of the robot. This wave is ofdéhgesoid type. The parametersk
describe this global wave. The shape space is very usefpefy the restrictions in the dimensions
of the robot, as for example, limiting the height so that it @@vance through a tube.

8.2.3 About movement in a plane

The study of movement in a plane has been carried out for thats@f the pitch-yaw group. Only
five parameters are necessary to characterise the movemanteast the eight gaits discovered.
Expressed in the shape space they avet,, kv, kn, A@p, and in the control spacé,, An, A@,, Agh
andA@yh.

The mechanism that allows the movement of the robots is die @mppearance of a three-dimensional
corporal wave that is the result of the superimposition efttho-dimensional waves that are applied

to the vertical and horizontal joints. The size of the rohaiilg the movement, the supporting points

on the ground that give it stability and the deduction of theagions for the kinematic parameters

are known through the study of the corporal waves.

A classification into different families of the types of thrdimensional waves has been proposed,
according to the way they are propagated and the shape tbpy. &hch gait is associated to a wave
of a different family.
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The gaits found have been studied in detail from the shapgeedhtree-dimensional wave. They have
between 1 and 3 degrees of freedom. For all of them eitheretieal equations have been proposed
to calculate the kinematic parameters or they have beercdddimpirically from the experiments.

The movement in a circular path is obtained by means of thergaposition of a serpenoid wave in
the vertical joints and a circular curve in the horizontatenThey have three degrees of freedom, the
angle of the arc of the path and the parameteandk of the vertical serpenoid wave.

The rolling movement is characterised by the superimpmsitf two equal circular waves which are
out of phase 90 degrees. They have only one degree of freagloto,specify the angle of the arc
of the body. From analysing the wired model it has been prdivatthe rotation is executed for any
value ofa. Nevertheless, if the section of the robot is square, whagplens in the real robots, the
threshold value is calculated froo,, and defines if the movement will be rolling or flapping type.

The sideways movement is characterised by the superingosit two serpenoid waves with the
same number of undulations. The three-dimensional wavé tkeoisomorphic type. It has two
degrees of freedora andk that correspond to those of the horizontal wave. This moveicen be
executed in the inclined version in which a new parameteeapp@) to specify the inclination.

The movement of rotation allows the robot to change the tatem of its longitudinal axis. Two
variants of the rotation exist, in S and in U. The first is cletgdsed by the superimposition of two
serpenoid waves (giving a three-dimensional non-isormonphve) and the second by a serpenoid
and another circular. Both have two degrees of liberty.

8.2.4 About minimum configurations

The two minimum configurations that move in one or two dimensihave been found. The con-
figuration PP is constituted of two pitch modules and the P¥three, two of pitch and the central
one of yaw. The first moves in a straight line, forwards or lmeankls and the second can execute five
different gaits: straight line, circular path, sidewayswaiment , rolling and rotation

All the gaits of the PYP configuration are characterised leyatuations of their control sub-spaces
that establish relations between the four parameigréy,, A@, andA@,,. The free parameters are
the degrees of freedom of movement. The kinematics of alhtbeements has been studied and
equations proposed to calculate the step in function obitgrol parameters.

The movement in straight line has two degrees of freedoamdA@. A criteria has been proposed to
establish the working point with the best co-ordinatiorhds been shown that, for the wired model,
the best co-ordination is obtained in the rangé&g@fbetween 108° and 110°.

The rolling movement has been studied in detail and the vafulbe minimum amplitude that has
to be applied to execute it deduced, in function of the sizéhefmodules. It has only one degree of
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freedom A, that determines the shape that the robot adopts during évement. To execute it the
two vertical joints are in phase and the horizontal one opihafse 90 degrees.

The sideways movement allows the robot to move sidewaystaining the same orientation of its
body. The co-ordination is exactly the same as in the cadeeafling movement. According to the
amplitude chosen one or other of the movements is executed.

The movement of rotation permits the robot to change thentaimn of its body. It has one degree
of freedom A, that decides the angular step when it rotates. The twocakjtints are in opposition
of phase, and the horizontal one out of phase 90 degrees.

8.2.5 About the robotic platform developed

As indicated in the introduction of the thesis, a platformns baen developed, constituted of mechan-
ics, hardware and software to prove the validity of the pegabsolutions.

The Y1 modules designed for the construction of the apodadtrprototypes, in contrast to modules
developed in other centres of investigation, are very clteapeasy to build. They consist of six
pieces of plastic that are obtained by cutting manually {fier prototypes) or by laser (for greater
guantities). They are designed to be used with the servab&B003 or compatibles, one of the
cheapest and most widespread models. What is more, thesearmbdules. The blueprints for their
construction are freely available.

The electronics used in positioning the servos is also fezdvsare. All the schemes, printed circuit
boards (PCB) an&erberfiles (for manufacturing) are available. Among other thintpés allows
other researchers or engineers to modify the electronicgtode it in the modules, with the idea of
building autonomous robots or to add sensors.

The software environment developed allows the simulatfanyg apodal robot with one dimensional
topology. Also the software is free which means that otheeaechers can reproduce the experiments
described in this thesis or create their own.

8.3 Future lines of investigation

As is common in science, the work of investigation presertsenguestions than those that are an-
swered. This is the case with this thesis. The author hasédig with a certain feeling that it is
unfinished. In truth it is so. So much remains to be investigahat the contribution of this work
seems insignificant. Professor Juan Pablo Rozas of the kditivef Castilla la Mancha said to me
once: “You must know that thesis are never finished, ratrer #ne killed. Kill yours now.”

Some of the lines of investigation that give continuity tisttmesis are:
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» Dynamic/energy study of one dimension topologig@#is thesis presents the movement of

apodal robots by means of working points in the shape andaospaces, that define the

shape of the robot during the movement, as well as its stegaflior angular). Nevertheless, no
energy study has been carried out. Itis proposedto find thatem of consumption and energy
efficiency in function of the working point. In this way the rements where the consumption
is less or the efficiency greater can be chosen. It is a vergiitapt problem to bring about the

movement of autonomous robots.

Implementation of the controllers in hardware, using FPGAe controllers based on si-
nusoidal generators have the advantage that they can bagawdh different technologies,
amongst them digital circuits. The use of FPGA allows theamalisation of these controllers
“by hardware”. This focus of movement “by means of hardwasethore similar to the bio-
logical systems where all the neurons and muscles funatipaiallel and are synchronised by
means of connections between them.

Development of new controllers with feedbackhe problem of the co-ordination has been
resolved, in such a way that the type of oscillations of theluhes is known for the execution of
the different movements. The next problem to be resolvedustb maintain this co-ordination
constant though the means by which the robot moves changesaihtain a constant rhythm,
it will be necessary to include feedback. Two alternativegaoposed to address the design of
the controller.

One is the study of the bio-inspired controllers, of CPG fytpat take into account this feed-

back when generating the exit oscillations. This is beinglistd at this moment by the group
of Computational Neuroscience of the UAM, in charge of Psste Pablo Varona. In a prelim-

inary work, Herrero et al. [50] have proved the viability betdifferent architectures of CPG

for movement in a straight line of robots of the pitch-pitadlogp. Recently they are adding

feedback to the position of the servos. To carry out theseraxgnts they have constructed a
prototype of 8 joints from the Y1 Modules created in this taesd are adding the electronics
necessary for reading the positions of the servos.

On the other hand, following the ideas developed by Matadtdal. [93], the development of
a controller has been proposed to obtain reactive behaidine idea is not the design of this
controller, but its automatic generation by means of fuegyd and genetic algorithms.

Design of new modulesThe Y1 modules Y1 created for the construction of the apoutadt
prototypes of this thesis are just the first generation. Reiivestigation of movement of new
configurations more robust modules are needed, that incatgservos with greater torque, as
well as the electronics and batteries for the creation afraahous robots. This is the aim of the
new generation: the modul&@zZ-I* that are being developed in collaboration with the TAMS
group of the university of Hamburg [180]. The prototypesmade of aluminium (figure 8.1).

Lhttp://tams-www.informatik.uni-hamburg.de/peoplélamg/projects/modularrobot/index.php
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Dr. Houxiang Zhang and Dr. Juan Gonzélez Y1 modules with GZ modules

s

The PP minimum configuration,
composed of two GZ modules The six pieces for building a GZ module

s -

s b '

Qa

a six module star configuration A seven modules pitch-yaw configuration

Two configurations with a 2D topology:
a quadruped and humanoid

Figure 8.1: The next generation GZ-I modules
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Dr. Houxiang Zhang and Dr. Juan Gonzélez X X o . Experiments on climbing
with Skycleaner IV Simulation of a climbing caterpillar with Hypercube

-

Figure 8.2: Climbing roboSkycleane(left). Prototype of the climbing caterpillar that use pess
suckers (middle). Experiments on climbing with Hypercutigh)

 Study of the movement of the configurations with other tgpedoln this work the study of the

movement of modular robots has been addressed, startingheitopologies of one dimension.
The study of topologies of two or three dimensions is pendigw classifications have to be
established, their properties of locomotion investigated the minimum configurations of the
new groups found. In previous articles [43] a minimum comnfégion of three modules was
found with a two dimension topology capable of moving in thpossible directions of the
plane as well as rotating to change its orientation. In [18Qjeriments have been executed
with a star shape topology of 6 modules, composed of the nesdBiZ.

» The development of climbing caterpillar tracks. One of #ineas of robotics with industrial
applications is that of climbing robots, where robots cé@aib moving on vertical surfaces
are investigated and developed to carry out inspectiond,|ldéaks or execute cleaning tasks.
One group as yet not explored is that of climbing robots wéterpillar tracks. They have the
advantage that the body can flex to introduce itself into sulreto change between surfaces
with different slopes. The study of movement of the topadsgif 1D can apply to the creation
of this type of robot. In collaboration with the group TAMS thie University of Hamburg we
are working on a prototype that uses passive suckers to grgugical surfaces [179]. In the
figure 8.2 the cleaning robdskycleanerdesigned by Houxiang Zhang, is shown, In the middle
a drawing of the prototype of the climbing caterpillar andhe right can be seen a photo of
the preliminary experiments realised with the robot Hypbe; created in this thesis.

The simulation tool designed in this thesis is only for 1Ddimgies, nevertheless, Rafael Tre-
vifio [149], in his bachelors thesis, has created the soéwdRSuite that also permits the
simulation of topologies in 2D.

» The development of climbing caterpillaOne of the areas of robotics with industrial appli-
cations is that of climbing robots, where robots capable o¥img on vertical surfaces are
investigated and developed to carry out inspections, fiakld@r execute cleaning tasks. One
group as yet not explored is that of climbing caterpillarey¥have the advantage that the body
can flex to introduce itself into tubes or to change betweefases with different slopes. The
study of movement of the topologies of 1D can apply to thetaeaf this type of robot. In
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collaboration with the group TAMS of the University of Hanruwe are working on a proto-
type that uses passive suckers to grip on vertical surfdced.[ In the figure 8.2 the cleaning
robot, Skycleaner, designed by Houxiang Zhang, is showithénmiddle a drawing of the
prototype of the climbing caterpillar and to the right candeen a photo of the preliminary
experiments realised with the robot Hypercube, createlligthesis.

» Development and implementation of behaviodith the contributions of this thesis an apodal
robot ofM modules can be converted into a mobile system capable ofrgteiany pointx,y)
of the ground and with any orientation. The following stepoigjive it sensors and implement
behaviours so that it becomes autonomous. One line of wdrkolNow the employment of an
architecture based on Dynamic schema hierarchies[7],|cjeve by José Maria Cafias in his
doctoral thesis[6] and implemented on an open source sdtplatform for the development
of applications with mobile robots It is proposed to add to this environment the necessary
component to support the modular robots.

2http://jde.gsyc. es/index. php/ Mai n_Page
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Appendix A

Demonstrations and developments

A.1 Centre of mass of an apodal robot

Taking the equation 3.5 and substituting in it the value effibsition vectors for those calculated in
3.1theresultis:

po Ly (T + 277 + D)
_4MI; 1 1 |

This expression has to remain in function of the positiortmexcr7 (i between 0 ané! + 1).

The connection between the modules is such that the pareaigtht of the modulé is connected to
the left part of the following module+ 1. Therefore, (in the wired mod&j = I, for i between 1
andM — 1. If from the previous equation the adddvids subtracted from the summation:

1 (M1 — — —
=N (.Z (T7 +217 +Di) + Im + 25 + D

SubstitutingD; for Ii31 and using the definition dyw = fy;3 gives:
1 Mt — —
T=_= Z(Ii+21'?+li+l)+lm+2rm+r—’m+1

am \ 2

Removing the temE, 217 andTy, from the summation, the expression can be reordered like thi
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1

T%:m

M-1

(I_f+2rf+ 22 (2T +2m) +W+m’+2m’+m—+i>
i>

Operating and applying the definitida = Tg:

M-1
Fom = 7o (Wn’+2r—1’+ (2T +217) +2m’+2m’+r_mfl)

The value of the position vector of the extreme lgftcan be expressed in function of the position
vectors of the module— 1 andi:

T>_r—’i71+r—i’
o it h

i€ [2,M]
Substituting in the previous equation:
1 M-1
= v To+2r+ Y (ici+37)+v—1i+ 3+t
i>

Subtracting from the summation the terfhand introducingy—1 the final expression is arrived at:

g.ed

A.2 Supporting segments of the PP configuration

A.2.1 Supporting segment 1

Starting with the expression:

Sa =2+2 =Lel% (% +ej¢1)
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Calculation of the module:

1 .
Isa =t +ei

Using the property thdtsz =27, we get:

5 » .
. . 1 91 j91 5
<%+e‘¢1> (%+e1¢1)—+e +S- +1="2 1 cos(¢h)

1 .
= 91
HZH 4" 2 2 4

The final expression is:

5
|Sall = Ly/; +cos(@)
Calculation of the argument:
L qie
Arg(Sa) = ¢o+Arg > +el%1

and knowing that the argument is the arc tangent of the inaagipart divided by the real:

1 eion) = _sin(¢)
Arg (2 +e ) arctan( I cos(¢1)>

The result is:

watsa) < g 120 )

A.2.2 Calculation of the supporting segment 2

. 1. 1.
S =2+2+2=Lel% (é +elf1 4 5e1(¢1+¢2))

The module is calculated in this way:
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1 1 .
|Sa| = LH (E et Eej<¢1+¢2>> H

and developing the module of the right part using the prquah‘.2 =27

1 . 1. 1 . 1.
= (Zaelf1y Zal(®1+92) | [ = 4 gid1 1 Zei(¢1+¢2) | =
(2 + + 5 5 + + >

1 1. 1 : 1 .
N j$1 | T al(91+62) T et T i(1te2) |
(2+e +28 )(2+e +26 )

1 1 . 1 . 1. 1 . 1. 1 . 1
T Tait . —ai(@1td2) 4 T Qi Tait2 4 —pl($1+¢2) | Tpide =
4+2e +4e +Ze +1+2e +4e +ze +4

— g + cos(¢1) + cos(¢o) + % cos(¢1+ ¢2)

Therefore, the final expression is:

ISl =Ly3 + cosign) + cosige) + Scosigr + 2)

And calculating the value of the second term as the arc tangéime imaginary part between the real
the result is:

- singy + 3sin(¢1+ ¢7)
Arg(Sa) = o+ arda”( 3 +cospi + 3 cos(¢1 + ¢2) )
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A.3 Transitional phase of the PP configuration
We start with the equation:
pd+d1+¢2=0

Substituting in the equation the values of the bending afgiep = ¢ the result is:

93 (12) + Asingua+ Asin(gra+ A®) = 0 (A1)

If, in the previous expressiop (¢12) is substituted for its expression given in 6.15 it is notighivo
clear@i,. Therefore we adopt a different focus @i (¢12) is developed in the Fourier series and it is
approximated by the first harmonic the result is:

05 (@r12) = —Aosingr,

where the co-efficiendy is given for:

SinA
= arctan| —
Ao ( 1+ cosA)

The equation A.1 remains as:

—AoSin@iz+ Asing2+ Asin(@2+AP) =0
Grouping terms:
(A—a)sin@z+ Asin(@2+AdD) =0
This expression can be stated as:

Bsin(@2+C) =0 (A.2)
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where the constants B and C have the values:

B= \/ (A—A0)? + A2+ 2(A— Ag)ACOSAD

SinA®
C =arctan
(1 ~ %) +CcosAd

To fulfil the equation A.2, the terrp, + C has to be zero which allows us to obtain the final value
for ®@q2:

SinA®
®,, = —arctan
(1 - %) +COsAD

A.4 Rotation angle of the PYP configuration

A.41 Stagel

We will calculate the rotation anglg of stage 1 of the rolling movement of the PYP configuration.

Starting with the definition of the following homogeneowstsformations:

cosB; 0O sinB; O cosf, —sinB, 0 O 1 0 0
1 0 1 0 0 2 siné, cosB, 0 O 3 0 cosfz; —sinBs
HO = . ) H]_ = 9 HZ = .
—sinB; 0 cosf; O 0 0 1 0 0 sinB; cosBs
0 0 0 1 0 0 0 1 0 0 0
We obtain the matrixi3:
cosf, —sinB,cosf; sinBysinB; —LsinB,
3 20,3 sin6, cosB,cosB; —cosBysinB; LcosB
Hf = HiH; = :
0 sinBs c0sB; 0
0 0 0 1

The position vector of the extreme right% = 5ys.

L ©O M o
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Referred to the frame RO is:
13 = HEHZHSME = HarPrd

To simplify the calculations we will do it in parts. First walculate:

0 —5sin,cosb; — Lsing,
< A sl 5 L cosB, cosf; + L cost,
ri =Hirz =Hj Lo

0 5 Sin63

1 1

The components 0?1 we denote by a,b,c,and d. Separately we calcuizte

acosb; — csinf;

b
n=Hii=|
—asinf; + ccosb;
d

We impose the restrictiory - Zy = 0, which gives us the expression:

—asinb; +ccosb, =0

Clearing6; we have:

c
tanf; = —
173

Substituting the values of ¢ and a by their correspondingipusly calculated values:

tanf; =

L sings sinG;

We obtain the expression fék in function of 6, and 6.

—LsinBycosbs—Lsing,  (2-+CosBs) sinG,

o o0 T o
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A.4.2 Stage 2

The procedure is similar to the section A.4.1, but in deahtp stage 2 matri_gg has to be added:

o O O
~ O O ©

The right segment, referred to the frame Raﬁ:: % /3.

Its expression referred to RO is:
—
i = H_ooHEHZH3d2 = H_ooHIH3A

To simplify the calculations we will do it in parts. First walculate:

0 —5sinB,cosfs a

L L

5 5 cosB, cos b
dordd—n3| 2 | = 2 Le_z O | _

0 3 Sin63 c

0 0 0

7

The components af; we denote by a, b and c. On the other hand we calcdiate

asinf; — ccosb;

- 1.4 b
=H_goHgr7 =
4 90T0 71 acosb; + csinfy
0

We impose the restrictiody - Zp = 0, which gives us the expression:

acosf; +csing; =0

Clearing6; we have:
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a
tanf; = ——
1 c

Substituting the values of ¢ and a for their correspondirigespreviously calculated:

5 sinB, cosbs _ sinbs

tanf; = — =—
' L'sin6s tan6s

We obtain the expression fék in function of 6, and 6.
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Appendix B

Genetic Algorithms

B.1 Description

In the search for solutions by means of genetic algorithrasstiftware packet PGApatkas been
used, with the options by default. In the table B.1 the patamemployed are summarised.

The individuals are represented by means of chains of idegedered in the formA,,A,, AD,, Ady,
andAd,;, with the restrictionsAy, A, € [0,90] andAd,, Ady,, Ad,;, € [—180,180.

The evaluation functions employed are the step along thgtheaof thex axis (Ax), of they axis
(Ay), rotation angle around theaxis (yaw) and the inclined angle (roll). For its implemeiaa the
physical simulator ODE (Open Dynamics Engine) has been.uB&d cycles are completed so that
the robot reaches its stationary regime and the step islagdcu(linear or angular)) in the following
cycle. The solution looked for is that which maximises thegpst

Lhttp://www-fp.mcs.anl.gov/CCST/research/reports1988/comp_bio/stalk/pgapack.html

Population size 100

Generations 100

Data types: String of integers (PGA_DATATYPE_INTEGER)
Selection: Tournament. Probability: 0.6
Crossover: Two points

Population replacement: SSGA.Replaced 10% of individuals
Mutation: Probability: 0.001

Table B.1: Parameters employed for the genetic algorithms
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Evolution of the rotation angle of the PYP configuration
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Figure B.1: Evolution of the rotation angle of the PYP confagion
B.2 Example

The functioning of the developed application is illustchteith an example. It is necessary to obtain
the solutions so that the minimum PYP configuration carrigtsaorotation of the greatest possible

angle per cycle. Therefore execute:
JGA PYn21YAW 3100100

In the machine where the tests have been realised, a DeilidatiD810 laptop, with 512MB of RAM
and Intel Pentium processor of 1.73ghz, it takes 13 minyipsoximately to complete.

The results are returned in two files. One of text that costalithe individuals of all the generations.
The other is a script in Octave that draws the evolution oéthp with the generations. The graph that
corresponds to this example is shown in the figure B.1. Inniftel population, generated randomly
at least one individual has appeared that rotates arouned@@es. This does not mean that it executes
a good movement, but that at the end of a cycle its orientatsnvaried 30 degrees, but it could refer
to a chaotic movement. As the generations progress indilsdappear that each time rotate more and
with a better co-ordinated movement.



Appendix C

Y1 modules

C.1 Plans

The plans shown here are not to a scale of 1:1, they have bdane@ 20% enabling their correct
integration into this appendix The plans included are the following:

1. Futaba 3003 servo

2. Piece F

3. PieceE

4. Pieces Bl and B2

5. Piece FE

6. Mounted module (1)

7. Mounted module (11)

8. Four Y1 modules with pitch-pitch connection

9. Screws used

1All the information is available in: http://www.iearobosi.com/wiki/index.php?title=M%C3%B3dulos_Y1
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Figure C.1: Plan 1: Servo Futaba 3003
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Figure C.2: Plan 2: Piece F
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Figure C.3: Plan 3: Piece E
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Figure C.5: Plan 5: Piece FE
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Figure C.8: Plan 8: 4 Y1 modules with pitch-pitch connection
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Figure C.9: Plan 9: Screws employed
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C.2 Assembling

This appendix describes how to mount the Y1 modules from #sichpieces. The pieces can be
obtained in the following way:

e Construct them oneself. For this the best is to print theptates of the pieces on an A4
transparent adhesive paper. Stick it on the sheet of matariployed for its construction
(expanded PVC, methacrylate, etc.). Cut the pieces and thaldkills, For the first prototypes
we have used a hacksaw of the type used to cut wood.

» Give the template to a workshop where they do the cuttings iBtthe best solution for making
many modules.

Once all the pieces are available, the assembling can bagimnarised in the following steps (see
figure C.10):

1. Material needed. Two pieces FE, one E, one F, one B1 and ninBotal 6. A servo of the
type Futaba 3003 with a crown df21mm and its screws (included with the servo). Also 5
screws ofd3mm and 10mm long and 6 bolts for these screws.

2. The pieces B1 and F are glued using a special adhesivesfstiqs.

3. One of the pieces FE is also glued to the base B1. Be caratftd fix it to the edge, but a few
millimetres from it.

4. The piece E is glued to the B2, but not on the edge, but aligrith the inside face.

5. The other piece FE is also glued to the B2, but this one etiga the outside face. A screw is
put on the other piece FE, that will serve as a false axis.

6. The crown of the servo is screwed to the piece E.

7. The servo is screwed to the piece F. With this one of the twbila parts of the module is
obtained. This part is denominated the body of the module. dther part, that screws to the
axis of the servo and the false axis, is called the head of taute.

8. Finally the body and the head are joined to complete theuteod he two bolts are put on the
false axis. Before joining it is necessary to calibrate #r@a. It has to be in its central position
(O degrees), in such a way that when finished, the head ca8@uiegrees in both directions.
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Step 1 Step 2

Step 3 Step 4

Step 7 Step 8

Figure C.10: Steps to assemble the Y1 module



Appendix D

Simulation

D.1 ODE Parameters

For the simulations the physical engine OD®pen Dynamics Engine) has been employed. It is a
library that carries out all the physical calculations frra definition of the bodies of study. In each
step of simulation the kinematic and dynamic parameterd ti@elements are calculated.

The values employed for the parameters of the ODE are shothe itable D.1.

D.2 Simulation of the Y1 modules

For the simulation of the servos the recommendations iteficim the manual of the ODE have been
followed. A proportional type controller has been emplaygiden by the equation D.1, whevgt)
is the angular speeg,(t) the bending angley the position of reference arig}, the gain.

Lhttp://www.ode.org/

Gravity -9.81
CFM 10°°
ERP 0.2
MaxCorrectingVel 0.1
SurfacelLayer 0.0001
Mu 0.2
Simulation step 0.01 Sec
AutodisableFlag 1

Table D.1: Values of the ODE parameters employed in the sitimuns

431



432 APPENDIX D. SIMULATION

| Parametef Value | Units | Description |
Emin 5 degrees Minimum error (Q)—’g Rad)
L 72 mm Module length
Width 52 mm Module width
Height 52 mm Module height
M 50 ar Total mass
Prmax 0.314 N.m Servo Maximum torque
Kp 8.6 _ Servo gain (P controller)
Whax %377 Rad/sec| Maximum angular speed (260 grad/Sec)

Table D.2: Parameters of both the module and servo employiisimulations

w(t) = Kp[¢(t) — p) (D.1)

The parameters used for the simulation of the Y1 modulestanersin the table D.2. The constant
Kp has been adjusted empirically so that the settling time@amrates to that of the Futaba 3003
servos.

The parameteEn, is the minimum error allowed between the desired posipand the bending
angle¢ (t). When the condition is fulfilled D.2

|P— Emin| <[ (t)] <[P+ Emin| (D.2)

it is considered that the servo has reached the positionfeferece and therefore can be sent to a
new position. IfEn, is near to 0, the servo reaches the position of referenceanlitiv speed. The
effect that this has when reproducing a sequence of movengenstituted by a list of positions of
reference, is that the movement is executed in jumps. Teaser the fluidity a greater value Bfin

is needed.

In the figure D.1 the response to the step function is reptederin the upper part the position of
referencep is shown, that is O until at a certain moment it changes to 90eds (the step function),
together with the output angkg(t). In the lower part the angular speed is shown. It can never be
greater than the allowed maximum by the sehi 4.

To implement the oscillation of the servos sequences otipasiof references obtained from a sam-
pling of a sine function are sent. The bending angle doesesatribe a perfect sinusoid but as shown
in the figure D.2, where 8 samples are being used.
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| Movement | Command |
Pitch-pitch group
Straight line. 32 Modules. JView ‘./Pn 3212 32 23 0
Straight line. Cube Revolution. JView ‘./Pn 8 8532 90 0
Straight line. Minicube-I JView *./Pn 260 32110 0°
Pitch-yaw group

Straight line. 32 Modules JView './PYn3232200004500°
Straight line. Hypercube JView ./PYn 8324500013500
Straight line. Minicube-II JView './PYn3326000011000°
Turning. 18 Modules JView ./PYn 18327000 101200 O
Turning. Hypercube JView ./PYn 8322000221200 0°
Rolling. 20 Modules JView ./PYn 2032101000 0 0 90
Rolling. Hypercube JView './PYn 8323030000090
Rolling. Minicube-II IView ‘./PYn 33260600000 90
Rotation. 32 modules JView ./PYn 323210400090 45 0
Rotation. Hypercube JView ./PYn 8 3220400 0 180 90 -45
Rotation. Minicube-II JView ./PYn 33230400 0 180 0 90
Rotation in U. 16 Modules JView *./PYn 16 3210 20 0 0 90 0 90°
Rotation in U. 8 Modules JView ./PYn 8 3210400 0 180 0 90
Sideways movement. 32 Modules JView './PYn322054000-45-45112'
Sideways movement. Hypercube JView ./PYn 8 321040 0 0 90 90 45°
Inclined sideways movement. 32 Modules./View ‘./PYn 32 3220200 0-22 -22 0
Inclined sideways movement. Hypercube ./View ‘./PYn 8 24 40 40 0 0 -90 -90 60
Flapping. 16 modules JView './PYn 1632220000 90
Flapping. Hypercube JView “./PYn83277000090
Flapping. Minicube-II JView *./PYn 31003030000 090°

Table D.3: Examples of use of the simulation of all the rolifdt in this dissertation

D.3 Examples of use

The simulator developed to analyse the movement of the dpoloiats is formed by a set of utilities
executed from the command line. One of ther¥iew, that allows the visualisation of the movement
in a three-dimensional setting. In the table D.3 some of tbgaments that the robots can execute
have been compiled for the experiments of the thesis: Cubel&®ens, Hypercube, Minicube-l and
Minicube-II.

The programme View is generic and allows the simulation gfapodal robot of the pitch-pitch type
or pitch-yaw with any number of modules and any value for @&sameters of the generators. Three
blocks of parameters are passed. First the number of modtite robot, then the values of the
Amplitude parameters, Number of examples, Phase and Gdiseach module and finally the type
of module, using a P if it is pitch and Y if it is yaw.

In this thesis the solutions in the spaldesndH, have been studied where all the generators are the
same. To simplify the invocation the scripts Pn and Pyn haemlused, to simulate the robots of the
pitch-pitch and pitch-yaw groups respectively.
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Therefore, to visualise the simulations the command engaldy in this form:
JView *./PYn M N Av Ah Ov Oh DFv DFh DFvh*

for pitch-yaw configurations or

JNView ./Pn MAN F O

for the pitch-pitch configurations.
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