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DESIGN OF A MODULAR MOBILE MULTI ROBOT SYSTEM: ULGEN
(UNIVERSAL -GENERATIVE ROBOT)
SUMMARY

Field of robotics consista variety of disciplinessuch asnechanical, compar and
electronics engineeringn a raditionaldesign approdt ahumanoid, mobileobots

and industrial robots have a certain amount of actuators and sensgesrdits have
pre-defined worlspace and they may not have the sufficient structure to respond to the
changing environments. In addition, adding actuandssensors to the robot consider

all possible failures, environment types and targeted goals may have drawbacks on
both costs and complexity.

Modular robot systems oasist individual robotic agentahich have the capability of
assembly and forming newvstructures. Robotic structures with conventional
morphologies usually have more complicated structures compared to the modular
robot systems. Thmodular roboticsystems having simpler structuresan adapt to
different tasks, avoid obstacles, reconfigasea structure and repair malfunctioned
agents. Simplest designs have only one degree of freedom whilst it can go up to four
or five degrees of freedom in systeitiat are more complicatedRecent studies
brought up systems with different capabilities tsuas; seHassembly, self
reconfigurability, autonomy, mobility. However, most of the systems do not have all
of these cpabilities at once and tlomes that have these abilitea® not mobile enough

to achievelocomotionsufficiently on rough and smooth terrain.

In this work, a chain type sedfssembly, modular setéconfigurable robot system
called ULGEN (UniversalGenerative Robot)s designed and manufacturedth
wireless communication, localization, obstacle detection and high mobility
capabilities Presentg work is a five degree of freedom system with six docking
interfaces This design configuration of the robotakes a single module adapt to
different tasks, avoid obstacles and reconfigure as a structure. A single module can
achieve locomotin in crawler mode and differential drive mode on its wheels. The
rotating central joint brings up different capabilities, suchi(a$recovering itself if

the module falls on its side and changing the locomotion type without reconfiguring
the whole structw and(2) skid-steering to 4vheel steering or insetike four-legged

robot to mammalike four-legged robot. Localization can be used in swarm robotics
applications. Modules can travel autonomously to explore ares individually and form
an alternativeconfiguration if thg encounter obstacles. Once the optimal path is found
or the defined target is found, the whole system cassemble and follow that path.

All of the docking interfaces are compatible with each other and only the wheel
connections require constant powsapply to establish a rigid connection.
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MOD| LER MOBKL ¢OKLU ROBOT SKSTEMK TASATF
(UNIVERSAL -GENERATIVE ROBOT)

¥ZET
Roboti k al anéendaki -al ékmal ar maki na, bi
di siplinleri kapsamakhadér mobel epakda enc
daha ©°nceden t abseariérnsagymalma seeynldeay i ci | er e
sahiptir. Bu robotlarén hareket séjalare

anénda robotl ar b uerebileceky a pEghemsialnep todé pnai
Buna ek olarak, olabilecek her olumsuz y a°® r°nlgectheyema °nl em al
eyl eyi ci ve sens°°rl eri bu robotlara ekl
karmakékl| ék a-éséndan olumsuz etkiye sahi
robot sistemleri, mabliarl eekbkt mea
[ i mlerden ol uka
re daha basit
 andleirmal has ai
koparar ak ken
r. Geometrik yapeélaréna g°r e

; g r u balar,sanal il € r . k
ri czerinde harek
a birlikte i1 er|l
| | e r eklenebilirleZnven c i r
birl eri iszerind
e, bahsedil en i ki yapénén d
nda genel l i ke iBwi yagpetl ak gmt 4
r Kme araye¢zeée bulunur . Zin
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robot sistemler:i tasarl anm
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l er robot sistemlerinin birl exkip ayr el
nNi zmasé .t B8Bsamekmaméegmal ar aktif ve pasif
f birl ekme mekanizmal aré kendi kendi ne
ni zmal ardeér . Pasi f mekani zmal ar i se mék
' I erin czerimde kbdémadeéll € kaneiklainy etmial ar d
nNi zmasé tasaréménda en °nemld. noktal ar de
orku g¢- harcamakseézeén il etebilen mekani
kéesme kendi kendi ne rmekdrikzmhayaece&khispnsgé
i p mod¢l er sistemler kullanécé yardéemeyl
ket etmeye baxklarl ar.
al eéxmada, otonom ol arak -aleéekacak kend
ri ekebil en,narmrt reanfgledrléenmrda adwléd ayabil en
sitesine sahip zincir yapéda modg¢l er ro
rl anan sistemin, I|literat¢rde daha °nce vy
l i yet. ol mase ama+ | amimékmed¢ | PBru kseanyceid e
|l l erden ka-abilecek ve yeterince hézleée b
sé istenmiktir., Tasarl anan sistemdeki m
l andéerél abilir modihert ekolbatk | ar 8 hamiy ¢ ks
Ktirme kabiliyet:i il e s¢ré¢ robot sistemi
t sistemlerinde -al ékabil mesi i -1in mo d
riekecektir ve sinyalekkbvvdt rbetigni erigh
ml aréné °I| -ebilecektir. Ayreéeca, czeriler
|l 1 eri algeéelayabilirler ve birbirleri il e
ri anan sistem bek Sseanleengsitelkii K heder enoa g il nd i
ni jidir. Mod¢l Il er tek baklaréna i ki har €
tekerl ekl er czerindeS¢gdighenmeanbayekets pi
ekl ektirmek i-in ikiuaeé&tlt esnéebesatyhiek zaens
ekme aray¢gzlerini hareket ettirebilir.
ransiyel S¢r¢ke olanak sajl ar Ve S¢érégnm
Vi gor¢r . Mod¢l I er birl exknyatarsaor@ay ¢ z |1 er i ni
kullanarak kendini tekrar yere paralel duruma getirebilmektedir. Orta eksen
°nceki -al ékmal arda ol mayan Dbir °czel |
rlekli s¢reéegk tiplerinde direkseydphrgrev
rli di feransiyel S¢ré¢kte sistemin kendi
ek tork i-in harcanacak y¢ksek enerji en
ek d°rt tekerlekli direksiyon sistemine
moerilnge toplamda alteée adet birl ekme ar a
uyumludur . Mod¢l l erin yeterli tork -éekteé
p DC motorl ar kull anél mék ve harici di K
mal aréné tahrik eden motorlar ile Dbirlik
o]

rl ar én pozisyonl ar e bazé motor | arda p
eti k enkoderl er il e kontr ol edi |l mi ktir.

viniadgétremednsy 3.2 mikrokontrolcg¢g kart:
e Kme araye¢zye t amamen otonom ol ar ak bir
¢zl erinde sl ave kontrolc¢g g°revini g°ren
I 1 er arase h abéekrslaelk m&demr Ilvaer ddavrmanst er
ml udur . Sl ave kontrolcg¢gloer i se birl ekme
ni zmaséné’ C kbabeol eeder protokol ¢ ile sl a
il eri il e master k o nnttrrod lcc,¢ dielne ghed keenr | een
|l ama 1 steji ya da birl ekme sens®rg¢ veri
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Birl ekme sens®rl eri kezél°tesi al ecée ve
aray¢zende ¢- adet verici veésne hbhdbktrhl e
yerl exktirilmik olan bu sens®°rler birbirl
LED farkleée bir data yoll ar Bu datada hai
hangi birlekme y¢zegnegn LE®OGDI pl dupaebi mgi
belirlenmik LED bilgileri haricinde bir
LED, g°r ¢k alané boyunca ©bir data b°l ge
birl ekme aray¢zeine yerl exktiiridlimewsur i | Birb
esnasénda bir modygl sabit durup LED 6Ierd
y°nl endiriwver iKoimulBaemll eauwz, | X er i Il e yapeéel
Mod¢l ¢n tasaréemée ve yapeésal analizl er y
birikte - al éktéejée testler yapél mekteéer ve si
Se-ilen motorlar basit bir test d¢gzenefji
ve -ekilen akéem °| -¢1 mgktegr ., Basit ol ar ¢
modéd | enmi ktir. Bu model den yola -ékarak pc¢
Pl ve PD kontrolc¢lerinin katsayeéelaré b
hareket tiplerinin kinemRdep ksihraglagpd yaonal arr
test eW-Remi etm¢gl asyon programé, mod¢l ¢z
ve eklemlerin sim¢gle edilebileceji ve pr
ULGEN modg¢l | er i master ve slave ol arak
atalet momahénarjlrélklrénmi ktir. Kezeéel°t e
tek bir mod¢l ¢n hareket fonksiyonlareée pr
mo d ¢ | konfig¢rasyonlaré ve -oklu modygl b
komponentl er od ka b iklodnpjoinrecng | greirn spesi fi
kal énar ak model | enmi K vV e otonom -al ékac
al goritmasé deneysel -al ékmal arda da kul
-al ekxmal aré@ sonucunda pketkur-adok | fear Kblia yadj
-ékmexkter Tek bir modygl kendi bakéna yel
akabil mektedir. <¢oklu mody¢gl konfige¢rasyo
ge-ebi |l meye, dar bir borrd emeyzer idi Kaphé o
térmanmaya ve d¢gzgeéen bir ye¢gzeyde heéezl é b
ol anak sajl ar Kki mod¢l ¢n u- uca ekl enm
Ayr éca i ki mod¢l ¢n yanyanaerhkainrsli gzrerme ssi¢ rigl
edil ebi |l ir. Kkiden fazla modygl u- uca bi
s¢réenerek i lerleyebilir., Bu yapé °zellik
mo d ¢ | birl ekerek doert tekeraklir.moBul
yé¢ksekl i Jini azaltabilir veya y¢kseltebi\
ka-abilecek ©°zelli ktedir. Bek od¢l ¢n ol
zemin ¢gzerinde olduju verisini saaldeercsea ub-u |
eyleyicilerin a-é&sal Konumu dejiktiriler
ge-ebilir Dokuz modg¢l birlekerek d°rt bae
ve hareket esneklijine sahip yapé ol ukt ul
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er r¢orbso triokb ovtei jsi ni n beraber -al éxkabil di]

Mo d ¢ |

ULGEN -oklu robot Si st emi bir gerevin bitir
robotijinin dajénék kontr ol-Bege ym@pdsglélnar ii rhd @ ry
al énan sinyal kiuwivekul vanéel arak | okalizasyo
robotijinin k¢-¢k yapeéeleée birimlerinin dajeéela
mod¢l er roboti k alanénda kullanélabilinir. |
durarak XBee mod¢ | y&miywagabiylai r. Hareketli ol an d
tabanlé Trilateration algoritmal areé ile g°re
belirleyebilir. Hareketl i mod¢l | er etrafa d
Trilaterati omi sagegtoean thknastr allleg ol arak y¢ksel
hedef bul unabilir. Ak si hal de, dajenek ol al
ol ukturmasé ve ortamda bulunan engell ere g°
Birden fazla f arbklld rykeernd & e%I| -bgm alagpre i1 e ©°1I -
hedef i bul mak daha uzun s¢recek-Beer Ve dah
mod¢l |l erinden al énan sinyal kuvvet.i veril eri
model |l enmi kKt ir.

¢al @ékma sonucaot igpetl ¢ eine khdreketlepieaosttd e d iklt mir krtei r .
Sabitlenmik bir birlexme aray¢ze 11e birlexkm
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1. INTRODUCTION

MSR are multirobot systems which are capable of forming configurations by
assembling one module tanother, using their passive or active connection
mechanisms. MSR may have many sensors, actuators and a communication network
to complete selfeconfiguration, selssembly, locomotion, perception and
synchronized actuation tasks. There mrdbot strctures provide benefits including:

being resilient in hostile and unknown situations, removing malfunctioned individual

robots, selreconfiguration abilities and adapting to changing environni&hts

MSR systems can be grouped in three sections congjdagir capabilities dbrming
structures: chain/tredatticeand mobile architecture $2 Chain type MSR have the
locomotion ability without changing their configuration. On the other hand, lattice type
MSR always need to renfigure the modules to move. Mobile architectures can
maneuver and form lattice or chain type configurations. Presented MSR system on this
work, ULGEN (UniversalGenerative Robot), is a chain and mobile type hybrid

structure.

Seltassembly ability giveshe MSR systems, high degree of autonomy and mobility.
Lattice type systems require sasembly mechanisms to relocate themselves. Chain
and mobile types require it to remove malfunctioned modules andcanfgurate.
Thus, MSR systems need active cartiten mechanisms such as: magnets, pins or
latches 22).

MSR systems can be used in swarm robot applications andsseiinbly isa new

topic in these studies [R7In a swarm robot system, all agents should have similar
structure so they can behave ideaity, their locomotion should be influenced by
neighboring agents, and they should not collide iséezh other{15]. Presented
modular robot herein sufficient sensors and wireless communication ability to achieve
the tasks above. The focus of the swatmdlies in this research will be implementing
localization using trilateration and exploring the environment with individual modules

in order to reduce energy consumption and time spent on finding the target.



In this study a five DoF autonomous modulabat with selfreconfiguration, self
assembly is presented. Presented work is an homogenous system with identical agents.
Focus of the study was to design, manufacture and test a highly mobile, autonomous
selfassembly system with efficient sensors andiators on each module. ULGEN

has two locomotion types; crawling and differential driving. Wheels on both ends of
the robot gives the ability to drive smoothly and help the module to anchor its end in
crawling locomotion. The module has the ability to remdtself if it falls onto its side

by actuating its central joint. Central joint also gives the ability to change locomotion
type without having to perform any seéconfiguration. Mechanical design was made

with SIEMENS NX-8 software, structural analysiseere madevith ANSYS software

and simulations were maaéth V-Rep software.

In the second section, the designing process is explained and structural analysis of the
parts are given. In the first part of the second section, design requirements are
explained ® give an insight to the reader about the expected modular robot structure.
In the second part of the second section, the outcome structure of the design process is
given. Thus, reader can get a general overview on the basic shape and joints of an
ULGEN madule. In the third part of the second section, materials and manufacturing
methods are explained to give an idea to the reader how the overall weight is decreased
and how the strength of the given materials affect the structural analysis. In the forth
patt of this section, center of mass location and inertial properties of the system are
given. Center of mass and inertial moment data is added to the simulation software to
have realistic animations. This data is used in torque requirement calculatites. In

fifth part of this section, the DC motor which are adequite for ULGEN system is
explained and modelled. Torque calculations are made by using both the experimental
data and the data found on the internet about the motors. Lastly, docking mechanisms
areexplained and possible docking configurations are given.

The third section includes electronic hardware of ULGEN modules. In the first part of
the third section the electronic components are introduced. These components include
on-board processors, motarivers, digital compass,-Bee wireless modules, position
sensors and docking sensors. In the second part, power management of the ULGEN
modules are explained. The required battery voltage and life are calculated
corresponding t o tower coosurnpionsn Moceoverpaovaltaget s 6
divider has implemented for monitoring the voltage levels ePdibattery cells. In

addition, voltage regulators are chosen
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levels. In the final part of this section, twcCBB6s ar e designed
implement all the components and regulators on ULGEN modules.

The fourth section is about the software and communication structures of the modules.
First part of this section includes the communication protocols betweemitiio
processors and intenodular communication network using Zigbee protocol. Second
part describes the library functions such as; locomotion, communication, docking
mode. The last part of this section gives detailed information about the docking
algoiithm, explaining how the modules approach into each other.

The fifth section points out the-2 trilateration method used in master and slave
selection in a cluster of robots in order to make them dock onto the most available
module. In addition, trilateteon can be used to determine relative locations of the
modules to the reference modules. This ability can be used in swarm applications. The
parts in this section explains about the trilateration algorithm which is used in ULGEN
system and experiments aibdhis algorithm.

The sixth section is about the single module and muttilule simulations in \Rep
simulation environment. First part-incl
Rep environment including its mass properties, sensors and actuattwes.Sacond

part, single module locomotion gaits are modelled and animated. Third part illustrates
the docking simulation of slave modules to a master module. The modules are unaware
o f ot her modul ebs positions and tghey
simulations. In the fourth part of this section, muftbdule locomotion types
including; inchworm, butterfly, differential drive, two wheel steering, explicit steering,
shakelike and quadruped are introduced.

In the seventh section, experimental ressake shared. These experiments are done
with the prototypes of ULGEN modules. Experiments include, single module
locomotion modes, sefecovery, docking of a module to another, two module

locomotion modes and trilateration.

The last section is about tlenclusions of the presented work. In this section
simulation and experimental results are discussed and possible ideas to improve the

ULGEN system are shared.
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1.1 Purposeof Thesis

The purpose of this study is to design, manufacture and test a chainaypgenous,

mobile, selfsufficient, multirobot system named ULGEN (Universaénerative

Robot) with seHassembly, selfeconfigurability, localization and high mobility
capabilities. ULGEN system can form many structures from wheeled drive robots to
crawlers and quadruped walker robots. The whole system is designed, manufactured,
programmed, locomotion types sensors and obstacle avoidence decisions are
simulated in this work. The system is designed to dock autonomously with no power
consumption dockingnechanism. ULGEN system can use trilateration localization
algorithmsusing@ee modul eds signal strength value w
This can be used to grid out and map the modules while infrared sensors can be used
to send, receive data addtect obstacles in that grid. These algorithms can be used in

swarm robotic applications.

1.2 Literature Review

Different robotic structures with specific kinematic capabilities can be the best
structures to solve a different type of task such as manipulatid locomotion. The
optimal locomotion type for rough terrain can be legged robot type locomotion and for
a smooth terrain it can beheeled robot type locomotion [L9One of the best
advantages of modular robot systems is having independent indikathos$ that can

form structures as the situation demands. Forming new structures allow the robots to
have a variety of kinematic configurations. There have been many studies about the
general structure of an individual robot, locomotion types of an ithgati robot,
docking methods and locking mechanisms. Some systems are designed to perform

locomotion only in multirobot state, while other systems have mobile individuals.

Toshio Fukuda came up with the ideas of a modular robot system called QEBOT
This system has different types of modules with speaeifiilities and tasks. PolyBot

[30] chain type modular robotic system was developed by Mark Yim to have
reconfigurable docking abilities and to demonstrate different locomotion types such as
earthwormlike crawler, loop rolling track configuration and spidike quadruped

walkers.



Satoshi Murata built a lattice type modular robotic system which can locomate in two
dimensions called Fracfa2]. This system demonstrated that lattice type systems are
more applicable in terms of saléconfiguration. However, lattice types can only

| ocomate through each otherds docking in:
and restricts the freedom of mobility of a single module because, they need reference
positions to start to perform locomotion.

Some of the designs aheterogeneousuch as SMART systen2][and CoSM{J9],

with different type of modules with different capabilities and the others are
homogeneous systems with identical modulestekbgeneousysten modules may

have optimized hardware to achieve specific tasks. However, these modules can be
useless on their own and they may not be replaced by any random type of a module in
such case of a malfunctioning module in a configurat®MART heterogeneous

system is shown in Figure 1.1.

Control and communications
electronics board

Spherical joint module

¥ Connector
mechanism

Figure 1.1 : Some of the heterogenous modules of the SMART system.

MSR with one DoF such as: PolyB@] can form chain and ATROI6] can form
lattice type structures. These systems have high mobility only when they are in a
configuraton. Moreover, these systems require reference positions to achieve self
reconfiguration. However, MBlocks [17], also a one DoF system, can move
individually by using their momentwariven locomotion mechanism and have self
assembly abilities. Nonetheledd-Blocks are lattice type systems. These systems
offer simpler reconfiguratiof29]. Two DoF systems MRAN [11] has both lattice

and chain type architecture. Each module can perform locomotion on their own but
theirmaneuverable is limited and they regua camera module be selfassembled.
SuperBot [19MSR brought up third DoF to the conventionalTVRAN frame design.
Central joint gave the ability to move linearly and to change its direction by rotating

its central jointFigure 1.2 indicates MRAN and SuperBot modules.



Figure 1.2 : Hybrid types of modular robots (a) the MRAN, (b) the Superbot.

iMobot [18], has two rotating face plates at the ends of a module. This novel design
combined both differential drive ability and -WRAN like crawling locomotion

ability. However, iMobot modules do not have sasisembly mechanisms and wheel

face plates have square geometry with rounded edges. This gives the module a sloppy
differential drive. SMORESJ3] and Sambotd7] share a similar topology with two
wheels at theides of the modules and one rotating end effector on the front. These
modules can be used in swarm robot applications. However, an individual module can
only move in differential drive mode. Thus, in rough terrains they need to form a
structure in order tanove. Moreover, if any of the modules fall on its side which has

no end effector, modules will not be able to recover themséitv€ggure 1.3, iMobot

is shown performing crawling locomotion and differahdrive.

Figure 1.3 : I-Mobot modules performing locomotiam crawling mode and
driving mode



2. MECHANICAL DESIGN AND STRUCTURAL ANALYSIS OF ULGEN

2.1 Design Requirements Of A Module

The main goal of the design process followed here is to develop a self
reconfigurable, seldssembly swarmingcapable, autonomous, mtgand durable
modules with different locomotion types to achieve high mobility in each individual
module.

ULGEN modular robots should be able to perform locomotion individually and
should contain actuators, battery, sensors and communication abNitekiles
should have high DoF to have high mobility in single module locomotion andmulti
module locomotion modes. Thus, each module will be able to avoid obstacles, use all
of the docking interfaces efficiently and change the locomotion type without
reconfgurating the whole structure.

Each module should have enough torque output to lift and manipulate at least one
connected module. Configurations such as 4 legged walkers, require high torque
outputs to lift the legs and move forward. In addition, moslskeould be able to dock
onto other modules with the same docking interface. This connection mechanism
should be able to connect and disconnect repeatedly and be able to hold at least one
neighboring module against gravity. The design needed to be gessderleniversal
on every docking interface. Therefore, homogeneity of the system can be achieved.

For selfassembly, modules should have an active docking mechanism to dock and
undock whenever it is needed. Docking interfaces should have sensors thalign t
modules and ensure that the modules are parallel to each other to prevent faulty
docking connections. Moreover, modules should be able to detect if the docking
process is a success.

For localization or mapping applications and synchronized motions in
configurations, modules should be able to communicate to each other. Communication
type should be wireless and modules should be able to extract RSSI (Received Signal
Strength Indication) data from the communication module. Therefore, localization of
the modiles can be done through trilateration algorithms. Furthermore, decision

making and distribution of actions from a master module and obstacle detections and



sensor measurements from slave modules should be sent through this communication
network.

Additiondly, modules should have sensors to detect obstacles. Actuators on the
module should be controlled in both speed and position control modes. An IMU sensor

Is necessary used to detect slopes and rough terrains.

2.2 The Structure

Figure 2.1shows five degreed &reedom of an individual module; two wheels at both
ends of half modules, a central joint which connects two half modules rigidly and two
half module joints for articulating the modukeach half module consists ashaped
aluminum frame and two rotatirfgexagonal bodies on the sides of the half module.
Figure 2.1 shows the joints of an ULGEN module.

’
’
’
’
S
A/

Half Module
Joint

‘Wheel

Figure 2.1 : Five joints of the module
2.2.1U-Shaped Frame

U-Shaped frame designed to make the ULGEN modules sturdier and stronger. U
Shaped frame parts consist side @asnd central joint parts. These parts are
manufactured from aluminiurblocks so that, the base structure of a module which
carries most of the axial and inertial loads can be durable and lightwEight are

three DC motors mounted on this frame. Theseors actuate the central joint and
hexagonal bodies. Each side plate has a bearing which houses the hollow shaft that
joins hexagonal bodies to the side pla&isafts have cdhrough holes in the center

of them to let cables pass through th&ide plae are fastenetb the central joint parts



with two screwsThis structurdacks rigidity without additional supporting parts to
make sure the {$hape is held together firmly. Hence, there are four parts added to the
U-Shape frame structure. These paresraanufactured in aB printer and they also
mount the DC motors which actuates hexagonal parts and centrallbmstructure

of the UShaped frame is shown in Figure 2.2.

Side Plate DC Motor
Mount Hole

Hollow
Shaft

Figure 2.2 : U-Shaped frame structure; dark coloredltp are manufactured from
aluminum.

Connection between-+shaped frames and hexagonal bodies are achieved by hollow
shafts which also house the half module joiffitse central joint establishes a rigid
connection between half modules and can rotate continudteshyral joint bearings

are pla@ed into the female part. The male shaft has screw holes on it and the shaft
mounts to the inner radius of the bearing. Central joint gears are fastened onto the shaft
as seen in Figure 2.3 he hollow shaft of the central joint enables the signal anépow
cables to pasthiroughone half module to another.

Hollow Shaft

Bearing
External Gear

Figure 2.3 : Exploded view of the central joint



2.2.2Hexagonal Body

Hexagonal geometry was chosen due to its higher durability and its higher area ratio

compared to other shapes. The docking mechanism, docking semsbrdocking

interfaces are located in the hexagonal bodiggire 2.4shows Ushaped frames and
hexagonal bodies on it. He x agoHemfonabodi es c a
bodies include docking mechanism in thenb Printed hexagonal cover padrcies

the docking sensors and docking mechanism latches on it.

Hexagonal

Body

External Gear

Side Plate

Hollow Shaft

Figure 2.4 : Exploded view of the hexagonal body joint assembly

Wheels are attached to both hexagonal parts with additional parts which keep the
hexagonal parts rigidly connected and transfer the toldfu@EN can lift itself on its

wheels when the hexagonal parts are rotated 25 degrees or more. Thus, the module can
switch from crawling locomotion to differential drive mod&heels help ULGEN
modules to change their movement direction while they are emréwling mode.

This ability makes crawling in narrow environments like tubes and pipes possible.

2.3 Materials and Manufacturing

Overall dimensions of a module are 78x117x212 millerewith an overall weight
of 768 grams including batteries and electialicomponents. All of the joints are
designed to be located in ball bearings. Bearings are housed in aluminum parts to
prevent fault due to the axial loads and radial moments. The rest of the parts are
manufactured with a 3D printer using PLA materiabmder to minimize the overall

weight of the module and to have a sturdy structure.
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2.4 Center of Mass and Inertial Properties of ULGEN

Once the design process is done according to the design requirements, the last step is
to check the overall weight arfiist moment of areaFigure 2.5shows the overall

weight, the position of CoM and thiir'st moment of area which indicates the
symmetricality of the system withe units irkgandmm The global coordinate frame

is placed in the middle of the central jointc#in be seen that the CoM is located at the

center of the module and the design is mostly symmetrical.

LArea = 371888.660465680
Volume = 378570.667828050
Mass = 0.768580517

Center of Mass

Xcbhar = -0.393400038
Ycbar = 0.2834119%4¢
Zcbhar = -0.175926349

First Moments

Mxc - -0.302359605
Myc = 0.217824900
Mzc = -0.135213564

Figure 2.5 : The mass analysis of an ULGEN module
2.5 Actuators

Every joint is actuated by a DC motor with a gearbox. There are nine 1:1000 gear
reduced Micro Motorsised in a single module: five of them drive the joints and four

of them drive the active docking mechanisms. The characteristic properties of the
motors are measured and the motor is modelled according to the torque and current
measurements. Maximum torqoetput of a single DC motor is measured with a
weight lifting test with overall output of 0.8 Nm. In addition, external gearboxes are
designed to meet the torque output requirements of the module. The external gearbox
on half module joints has a ratioi:61 which outputs around 4 Nm torque in total.
Figure 2.6indicates the structural analysis of half module joint gear traime
elongation at break 2% for PLA material Strainanalysismage indicates that gears

does not break und#re influence of maximum Nm torque.

11



17,655 Min

5,0444e-9 Min

Figure 2.6 : Stress and strain analysistb& half module joint gear train

A module can reliably output enough torque to lift and rotate a single neighboring
module. Central joint has an external gearbox with 12:33 gear ratio and 2.2 Nm output.
The central joint gedas manufactured in a 3D printer usiaglifferent type of material

calledVeroWhite FullCure 830Figure 2.7shows thathe central joint gear train does

not fracture under the maximum torque load applied on it.

0
0,022039
0,01102
3,2194e-7 Min

3,2194¢-7 Min

Figure 2.7 : Stress and strain analysis of the cdntradule joint gear train

Central joint and wheels have DC motors with incrementatditdlct encoders on
them. These motors can be driven in both speed control and position control modes.
Speed control mode is achieved with a PI controller. This mdol@sathe module to

rotate at desired ICR (Instantaneous Center of Rotation) values. Half module joints
have potentiometers attached at the end of the joint shafts. Thus, a precise position
control can be achieved with a PD controliggure2.8shows thédC motors that are

used in the ULGEN modules.
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Figure 2.8 : DC motors that are used in the system
2.5.1Torque Requirement Calculations

The maximum required torque to lift a neighboring module is calculated as 2.2 Nm
when both of the modules are parallel to the grolRahting a docked module on a
hexagonal docking face requires around 0.75Nm totqueder to reduce the required
torque one module can lift its neighbour module if the neighbour module rotates one
half module to anotheiThis can be used when the modudes under high loads and

if they are required to lift more than one module. The module which is being held by
the one on the flat ground can be liftadbund bothaxes ofA and B The torque
required to lift the neighbouring module as seeRigure 29 is 1.6 Nm on the A axis

and 0.75 Nm on the B axis.

Wwall ks + i

-\

AL IT S
- ¢
*.

0.75 kg

Figure 2.9 : A resting moduleonnected to a rigid wall on a flat ground while lifting
another module

Thus, torque outputs are sufficient to manipulate a docked neighboring naotiuée
safety factor of 1.5
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2.5.2Motor Model

The DC motorshat are used in the modulesmta have any motor parameters defined

on the datasheet. Therefore, a common linear DC motor model is used to derive a
controller forthe motors. The required motor parameters to form a linear BtGrm
model are resistancdr), inductance L), viscous friction If), electromotive force
constant Ky), motor torque constanK{) and moment of inertiaJl. Figure 2.10

indicates the frebody diagram of a linear DC motor model.

L
Y Y Y™

A
- + (7
o7 0

Figure 2.10 : Freebody diagram of ariear DC motor modeli3].

The motor torque and electromotive force can be calculated as giegumitiong2.1,
2.2).

YO U (2.1)
QO U —O (2.2)

Generally the torque generated by the DC motor is proportional to the egroatrent

and the stregth of the magnetic field. The motor constants are equal to each other if the
conservation of energy is considered. Therefddes K=K can be used to represent

both of the constants. The governing equations for thebivdg diagran can be found

using Newtondés 2nd@23a2w) and Kirchhoffsbdl aw

0— o— 0Q (2.3)

.
b= YQo 0— @4
Qo

Laplace transform is applied to the equations and variables are expressietiain
(2.5).
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v (2.5)

The two of the parameters of the DC motor can be easilyurezhby a multimeter.

The resistance of the motor is measured
328 ¢H. I n order to detect the torque <co
mass is placed on a shaft on a specific diameter. The currert tlatvn by the DC

motor is measured and logged using a current sensor médguee 2.11shows the

current sensor and the set up of the test. The weigth of the masses are measured and
placed on the wheel that it attached to the shaft of the DC motor.

Figure 2.11 : The test set up and the ACS712 current sensor module

Figure 212indicates the current that is drawn under 0.568 Nm load when the motors
suppliedwith 6 Volts. It can be observed that the DC motor draws approximhtely
Ampers after its output shaft is@ted.Using the relation between the current, torque
and the torgue constant, the torque constant for the tested modtukated af.55.

0.568 Nm 6 Volts 100% Duty Cycle

08p

06+

Current (A)

04F

02F

0

02

L ' L s ' L '
0 500 1000 1500 2000 2500 3000 3500 4000
Time (ms)

Figure 2.12 : The drawn current of a DC motor exiting a shaft with a load of 0.568
Nm.
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The inertia of the motor is calculatbg preparing a simple test and usingdheation

(2.6). In this test, DC motor is excitedthout any loadind the change of its rotational
speed is measured by counting the pulses of the incremental encodedéiiped
intervals. Hence, the speedtbé motor shaft and the elapsed time is logged to a file.
The acceleration of the shaft can be calculated using these data. The torque output can
be calculated using the torque constant and the current that is dragvaverage
acceleration during the teis measured as 22.1073 r&dRigure 2.13 illustrates the

change of velocity and acceleration measured during the test.

an Motor Shaft Speed Graph Acceleration Graph of the Motor Shaft
T T T T T T T T T

120

100 f;
251 \
80|

60 |

4aF |

ACcelerauon (raars )

20

ok

10 20 30 40 5 60 70 80 80 100 20
Time (milliseconds)

20 30 40 50 60 70 80 90
Time (milliseconds)

Figure 2.13 : The speed and acceleration graph of the excited DC motor.

"y ™® ¥ p8I U

B L a (2.6)
B Hhh0a 0l ogago o PP

The final paramater, viscous friction, is measured by running the motor with out any
load and measuring the steady state current and steady state angular speed. Viscous
friction can be found using thequation(2.7). The motor draws approximately 0.2
Ampers in steady state and reaches up to 28 RPM. The viscous parameter can be found
as 0.0375 Nms.

OO 0Q 2.7)

Using the Matlab Linear Time Invariant (LTI) tool, the step response of the DC motor
with the given peameters can be plotteBigure 2.14 indicates the step response of
the linear model of the DC motor.
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Step Response
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Figure 2.14 : The step response of the motor model

Once the linearized model is prepared, a PID controller should be designed to control
the DC motors position. Thevo major design criterias for the PID controller can be
indicates as low overshoot percentage knd steadystate error even when a step
disturbance occurs. The settling time also should not be too largasé tiere of the
system is not a major crifa because in the position control mode the precision of the
system with low overshoot percentage is favouFegure 2.15 indicates the system
response only with proportional control with various Kp values and the response to a

step disturbance.

Step Response with Various Kp Values Response to a Step Disturbance

18 03
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Figure 2.15 : Systen response with various Kp values

The overshoot is approximately 14% and the error casused by the disturbance is fairly
lower if the Kp is selectedo be 10. It should be noted that adding integral term

eleminates the steadyate error and a derivative termduees the overshoot.
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Therefore, the adjustments are made to improve the contfatyere 2.16shows the

response to a step reference and step disturbance of the system withKiaraduss.

Step Response Kp=10 with Various Ki Values
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Response to a Step Disturbance Kp=10
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Ki=15| |
Ki=20
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Figure 2.16 : The responses of the system to step input and step distarban

It can be seen that as tkevalue gets larger, the overshoot and settling time increases.

The integral term is set tdi=10. This value decays the error faster and does not

increase the overshoot Ks=15. In Figure 2.17the responses for various tleative

values can be seen.

Step Response with Kp=10 Ki=10 and Various Kd Values

Response to Step Disturbance Kp=10 Ki=10 with Various Kd Value:
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Figure 2.17 : The response of the system with PID controller to step input and step
disturbance

The PID parameters are tuned in the experimental setup. After the fine tuning the value

for the proportional terrKp is selected as 7, forghntegral ternKi is selected as 10

and for the derivative tertdd is selected as 1.0%he tuning of the PID controller is

compeletely emprical.

2.6 Docking Mechanism

Each module has six docking interfaces; four of them are located at the sides of the

half modules on hexagonal bodies and two of them are locatestraiends of the
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module on the wheels. Docking interfaces include male connectors which stick out of
the hexagonal faces. Female connectors are slotted holes on the hexagonal faces
Symmetry and gender is important to have different docking orientatiotne same
docking interfac¢22]. Current design allows wheel to wheel, wheel to hexagonal body
and hexagonal body to hexagonal body connections. Current design and prototype of
ULGEN allows seHassembly only on the hexagonal docking interfaces. Hence,
modules will be manually aligned and docked on the wheel docking interfaces until
the next version of the prototype is reaBigure 2.18illustrates the components and

the docking interfaces of a module.

Central Joint DC Hexagonal Body

Li-Po Battery nieto

Female
Connector

7
. 3

.“ ~
P~ Male

Connector

Half Module Joint

DC motor Potentiometer Female Connector

Male Connector

Figure 2.18 : U-Shaped frame and hexagonal body with actuatarsianking
interfaces

2.6.1Hexagonal Body to Hexagonal Body Connection

Active connection mechanism includesshaped rotational male pins, a gear train, a

DC motor which drives the main shaft, a potentiometer to control the position of the
male pin and mecharal switches to make sure that docking process is completed.
Figure2.19shows two ULGEN modules approaching each other using the differential

drive ability to dock on their hexagonal docking interfaces.

19



Figure 2.19 : Docking on the hexagonal body interfaces

Dockingprocess has the following steps: (1) when male pins get inside of the female
slots, the male pins trigger the microcontroller of the docking face by touching the
mechanical switch; (2) DC motor actuates the main shaft which has an external
gearbox on it; §) main shaft transmits the torque to the gear attached to the
potentiometer and to the bevel gears at the both ends of the main shaft; (4) bevel gears
transmit the torque to the male pins and onc¢
locking process ersd The gap between the male connector and the surface on the
female connector should be minimized to establish a rigid connection between
modules. The surface on the female conneegtbich the male pin pulls to itself, is
slightly sloped to ensure wheretmale pin rotates, the gap will be decreasing between
the docking interfaces. IRigure 220, docking mechanism and gap reducing docking

surface can be seen.

Docking DC

Angled Surface Bevel Gear

Figure 2.20 : Thedocking mechanism on the prototype and the position of the male
pin after docking is done
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Finally, this type of docking mechanism does not require continuous power supply and
can transmit torque through its connectors to other modiilkes.DC motor of the
connection mechanism has a pinion gear with 16 teeth and the main shaft has a gear
with 22 gears. The torque on the shaft can be calculated as 1.1 Nm and the torque is
transferred to the identical bewel gearsFigure 2.21 the stress and strain levels of

the bewel gears are shown under moment load in an ANSYS simulation.

22.08.2016 21:15

2,2291e8 Max 0,067219 Max
1,9814¢8 0,059751
1,7337¢8 0,052282
1,4861e8 0,044814
1,2384¢8 0,037345
9,9073e7 0,029876
74306e7 0,022408
4,9539¢7 0,014939
24772e7 o 0,0074709
4995,5 Min 2,4065¢e-6 Min

Figure 2.21 : Stress and straimnalysis of the bewel gears

The latches of the connection mechanism applies pressure to the inner face of the
hexagonal parte/hen they are forced to disconnectHigure 2.22 the results of the
structural analysis of the hexagonal parts under forad Is shown. The force is
applied on the gap reducing surface and it can be observed that the strain data is lower
than the elongation of break ratio of PLA material.

Lhit’ihfm

Time: 1
18.08.2016 21:58

ime: 1
18.08.2016 21:59

8,0994e6 Max
7,199%6
6,3004¢e6
5401e6
4,5015¢6
3,602e6
2,7026e6
1,8031e6
9,0365e5

4184 Min

0,0023175 Max

0,0020602

|| 00018029

= 0,0015457

i 00012884
0,0010311

= 0,00077385

= 000051659

L 0,00025932

2,0537¢-6 Min

Figure 2.22 : Stress and strain analysis of hexagonal parts in hexagonal to hexagonal
connection.

2.6.2Wheel To Wheel Connection

Wheel docking interface has a type of connection which requires connectors to be in

exact angles like twist and lock mechanisms. Thus, when the male connectors enter
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the female connectors, wheels twist themselves in order to retbeatele connector

to the narrow hole on the wheel. This mechanism requires constant power supply on
the wheel motor to keep the connectors at a constant angle and the current version of
the prototype does not have docking sensors to perforrassdimblytasks on the

wheel connection mechanisfhis type of docking allows the modules form srake

like and inchworm like structures where they can connect each other lirféguse

2.23 illustrates two modules before being connected to each other on the wheel
docking interfacesThe connectors should be joined by the operator because of the

lack of autonomity in this docking configuration.

Figure 2.23 : Wheel to wheel connection of two ULGEN modules

Themale connectors enter the female connectors and the wheels twisethes. One

side of the female connector has a larger diameter than the rest of it. Male connectors
larger diameter tip can enter in that groove. The shaft of the male connector has a
smaller diameter than the tip of the connector. Once the tip of tfiessimethe groove

the smaller diameter allows the male connector rotate in the radial gFogwe 2.24
illustrates two wheel docking interfaces docking to each dikésre and after the

locking is completed.

Docking Pin

4

Figure 2.24 : The position of the docking pins befard the after the locking is
completed

22



In theANSY'S gructural analysidte wheel considered static and it is assumed that the
shaft of the docking pin is in contact with the groove of the static whiggire 225

shows theequivalient stresand theelastic strain analysis values thfe static wheel.

D Static Structural

'Equivalent Stress -quivalent Elastic ¢
Type: Equivalent {von-Mises) Stress Type: Equivalent Elastic Strain
Unit: Pa Unit: m/m
Time: 1 Time: 1
22.08.2016 21:38 22082016 21:38
1,6678e8 Max 0,047679 Max
14825¢8 0,042382
1,2972e8 0,037084
1,1119%e8 0,031786
9,2655¢e7 0,026488
7.4124e7 0021191
5,5593e7 0,015893
{ 3,7062e7 0,010595
o 1.8531e7 : 0,0052977
151,99 Min 6,2882e-8 Min

Figure 2.25 : Stressand stain graph of the wheel during docked state

In Figure 2.26the docking pins of the wheel docking interface is under the load of the
weight of one ULGEN module. It can be observed that tlekidg pins do not exceed

the elongation of break value of PLA material.

'Equivalent Stress Equivalent Elastic Strain
Type: Equivalent (von-Mises) Stresa Type: Equivalent Elastic Strain

Unit: Pa Unit: m/m

Time: 1 Time: 1

22.08.2016 21:59 22,08.2016 21:51
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1,7136e8 0,051525
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10552 Min 4,4053¢e-6 Min

Figure 2.26 : The stress and strain results of the docking pin
2.6.3Hexagonal Body to Wheel Connection

Hexagonalbody to wheel connection allows modules to have joints in different

orientationsHexagnal bodies have the same docking interface as the wheel docking
interface.Wheel to wheel and hexagonal body to hexagonal body connections do not
bring various joint orientations unless the central joint is rotated. Hexagonal body to

wheel connection cabe used in quadruped walker robot structuféss connection
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type consumes power continuously. this connection type the docking pins are
applying pressure to the grooves and the inner face of the hexagonal body parts. In
Figure 2.27 the sections wherdocking pins are in touch in the inner face of the
hexagonal body part and the docking grooves where the docking pins are in contact
are under force kdof a module connected to the interfatbe analysis indicates the
stress graph and the deformationtbe hexagonal body parts.

0,11733

0,097778
0,078222
0,058667
0,039111
0,019556
0 Min

8896e7
1,6198e7
1,3499%7
1,0801e7
8,1022e6
54038e6
2,7053e6
6884,5 Min

Figure 2.27 : The structural analysis results on the hexagonal body part when the
hexagonal body to wheel connection is established

2.7 Final Design of the Module

Once the actuators are selected and docking mechanisms are designed final design
implementations are mad&he sensor interfaces are added and hollow shafts are
adjusted according to the cable diameteigure 2.28ndicates the final design of the
module.The PCBs are placed on top of the motor bracket parts which connect side
plates together and transfer torque through the hexagonal bodies.

Figure 228 : UL GEN modul eb6s final design with
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The dimensions of the module is defined after the last changes on the design are made.
The workspace of a module is calculated bywdeg the end effector positions using
forward kinematics calculations using MATLAB. The workspace of the half body joint
actuation is shown ifrigure 2.29 The end effector is defined as the center of the
wheels.The workspace of the half module jointsrfobasicly, two half circles with a
diameter of 49.45 millimeters.

- Workspace Of a Module's Half Body Joints
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Figure2.29: A modul e6s wheel positions.when ¢t}

In order toshow the flexibility of the five DoF module, another workspace simulation
is prepared. This workspace grapkludes a module which is connected to a rigid
wall from one wheel docking interfacEigure 2.30 shows the positions of the end

effector, center of the wheel, ¥aZ andY-Z axes.
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Figure 2.30 : The workspace of a docked module otY>and Y-Z axes
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3. ELECTRONIC HARDWARE AND SOFTWARE OF ULGEN

3.1 Components

Three DRV8833 Dual Motor Drivers are used to drive the motors. There are
potentiometers mounted on the shafts of hexagonal body parts to measure the angular
positions. Homing the central joint tbe initial position is done by an IR LED and a
phototransistor pair. When the modules start to function, central joint rotates clockwise
until it homes to the reference position-B¢e RF modules are used for wireless

communication. The schematic of thedwmare is shown ifrigure 31.

O
IR Emitter and Receiver (x3)
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Figure 3.1 : Master and slave controller architecture
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ULGEN has one master controller and four slave controllers. 32 bit ARM Clgidex

CPU based Teensy 3.2 development boards are used for master controllers. Tasks such
as; decision makg, controlling wireless communication with the operator and other
modules, collecting sensor data and evaluating the results, communicating with the

slave controllers and driving the motors with PWM is done by the master controller.

Slave controllers arecated in hexagonal bodies and they are in charge of controlling
the docking mechanism and sensors. In addition, they send proximity sensor data to
master controller. IR LEDs and phototransistors on docking faces are used as
proximity sensors. Slave caotler includes an ATmega328 microcontroller along
with L293D H-Bridge and CD4052 Multiplexer/Demultiplexer chipgie central joint

does not have an absolute position sensor on it. It is driven by an incremental encoder.
Thus, an IR LED and an IR photaotsastor is placed in the central joint parts. The
home position of the joint will be determined the sensor cotioyere 3.2showsthe

grooves which IR LED and IR phototransistor are positioned.
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Figure 3.2 : Central joint homing IR sensors

The first prototype has &Y-85 IMU module to be used in selfsembly tests to

ensure that modules are parallel to each other.

Docking faces on hexagonal bodi es, has thr ee
two IR phototransistors, a potentiometer and two mechanical switthesLIEDO6 s and
receivers are used during autonomous docking process. Module can check if there is

an obstacle on its way by collecting reflected IR light from the phototransistors and

can align itself during docking process by using these phototransiBbersbstacles

can be avoided by moving sideways in differential mode and moving forwards in

crawler modeFigure 3.3shows the possible reactions of an ULGEN module when it

detects obstacles around itself.

(@) (b) ()

Figure 3.3 : IR sensors on the hexagonal docking interfacedearsed as
proximity sensors.

| R LED6s have N17.5A emitting field of view :
field of view. LEDG6s are used in two tasks di
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sequence data at 38 KHz frequency. Every LED on éacking face sends a specific

data including docking faceds informati o
light to be received by phototransistors during aligning phase of docking sequence. IR
LED6s and I R receiver m &ireh Udcess swith aspeeific | o c a't
orientations. The LED and the receiver in the middle is placed vertical to the docking
face, the ones on the right and on the |
center. This orientation creates 3 different emitimgas for LEDs and 5 different

receiving areas for receiver modules. Orientation of IR receivers and IR LEDs and

field of view illustration can be seenkigure 3.4 When ULGEN receives IR data, it

can process this information and decide on which sider¢lative to the sende][

IR Receiver Module
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o
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£
Q

IR
c : S geceverz
A AN E
T )
IR RECEIVER1 L “Module2  'RRECEIVER3
IR Emitter LED

Figure 3.4 : Orientation of IR LEDs and IR receivead the data areas
3.2 Power Management

All of the components work in specific power supplies and the power should be
distributed in both half modules. The most suitable battery shbeldelected
according to the capacity and dimension requirements. The battery should be protected

and should not work below or above its limits.

3.2.1Power Requirements And Battery Selection

Each module has 750mAH 7.4 VoltsRo batteries which can supply egbupower
to run a module for 6.6 minutes while all the sensors and controllers running and
motors are in stall. Modules have enough power to run for 15 minutes while constant

locomotion.The Li-Po battery pack includes two 1500 mAH single celPbibatteles
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wired in seriesFigure 3.5shows the battery that is used in the ULGEN modules. The
dimensions of each cell is 50x34x8.6 millimeters and each cell weighes approximately

40 grams.

FXES3450 3.7V
+ 1S00maR OB1Z205

Figure 3.5 : One cell 1500mAh L-Po battery that is used in the module
3.2.2Battery Voltage Monitoring

Li-Po batteries should be used carefully and kept charged at a certain range of voltage.

It is known as each cell of the-Bo pack should not drop below 3.2V and should not

charged above 4.2V. Each battery cell needs to be monitored satloalule can shut

itself down or stop running its tasks. Hence, a simple voltage divider is needed to

monitor each cell. Two voltage dividers are needed to monitor tviRolgells. Each

voltage divider is connected to an output pin whichboard microcatroller can

measure the analog data. Microcontroller converts the analog signals to digital values

using ts ADC. Teensy 3.2 can tolerate 5V input signals on its input piosvever,

the cell voltages are divided with a safety factor to prevent the TeeBRsmicro

processor to avoid higher voltages than 5V in case of malfunction in batfegese

3.6indicateshe voltage divider circuit. EPo batteries are connected to the connector

ALI PO _|I NO where the first pisecondpinidgtice cat hode
first cell 6s cathode and second cell &ds anod
Teensy 3.2 reads the analog values from t he
first pin measures the whole-Bo batteryds dividepgn voltage
measures t he f i r sMoltageaividebcgcuitddivides theefidst cello | t a g e .
into two with two 11kqgq resistors in series.

to divide the voltage which is 7.4V of two-Bo cells in series.
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Figure 3.6 : Battay cell voltage nonitoring circuit €hematic

Voltage on eachnalog pincan be calculated using equati@8sl, 3.2) Voltage level

on each LiPo cell is calculated using equatiqBs3, 3.4)

g (3.1)
& P8
PR pA
g (3.2
6 PR o
PR o
o o ax (3.3)
o e o (34)
Measurements wil |l be -bmaDE€.SeandnieasgemErd @m s y

measures the half of the voltage of the first cell. The resolution of the second pin is
calculated using equatidB.5). The resolution of the first measurement pin is the half
of the second pin.
0]
YOi £ 66008t ix o8 o (3:3)

3.2.3Power Distribution and Voltage Regulators

Each component on ULGEN modules have different logic levels and power
requirementsThe power input of the system is around 6814V which is supplied
from the LiPo battery. Tagsy 3.2 microcontroller takes input voltages from 3.6V to
6V. Therefore, a 5V regulator should be used to supply the conttd&805 dpak?2
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type smd regulator is added to the systelotor drivers are supplied directly from the
Li-Po battery and thlogic levels are the same @&sensy 3.20gic level Teensy 3.2

can supply 3.3V withits onboard voltage regulator. Potentiometers, incremental
encoders, IMU, XBee module are supplied with 3.3V. However, Teensy 3.2 can only
supply 100mA of 3.3V. Hence, a 3.3Mltage egulator is added to the system which
can supply up to 1A. Selected 3.3V regulator is LM317.

Both half bodies have motors and sensors on them. Therefepe, supply, 5V and
3.3V voltage supplghould be on both half bodies. Teensy board supBligV to the

half body which it is placed. The other half body uses the 3.3V regulated from LM317.
5V is distributed to both half bodies from tregyulator PCB which has LM7805.

3.3 Breakout PCB Design And Manufacturing

There are many components included IbGEN modules. Placing the components
and wiring these components require large amount of wires. Hence, two PCBs are
designed to keep some components placed on it and keep the wiring at the minimum.
All the components except for the motors, potentiometedscantral joint homing
sensors are placed on PCBs. First POroController PCBcontains Teensy 3.2,

two DRV8833 and IMU components on it. Resistors and capacitors added as Low
Pass Filters to remove the noise on ADC chani@jsire 3.7indicates theschematic

of the MicroController PCB which is designed in Proteus 8.0 software.

Figure 3.7 :MicroController PCB schematic
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In Figure 3.5 components of MicroController PCB is placed. M1 and M2 terminals are
the central joint and wheel DC motor connectierminals. M is the half modulmint

DC motor terminal. There is a rectangular-tubugh hole on the PCB which allows
the cables to be wired through the other half modihese cables are soldered to the

pads under Teensy 3.2 pins including PWM pins d@gins.
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Figure 3.8 : PCB design and the assembled MiControllerBoardwith components
on it

Second PCB, regulator PCB, contains the voltage regulators, XBee mddlile, |
protocol, one DRV8833, voltage dividers andRo battery connection terminals.
There are pullip resstors added to théQ terminal to eliminate the malfunction risks
which can be occured by other devices. Both line&®ghould be high when no other
device is asserting it | ow. Hence, two

to high.Figure 39 illustarate the schematic of regulator PCB.
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Figure 3.9 : Regulator Bardschematic
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Figure 3.10shows how the components are pidon regulator PCB. There is an

On/Off switch to intervene the modules if there is a malfunction in the hardware or a

bug in the software. Voltage regulators are stacked up on top of each other to save
somespace on the PCB. Th ecteedirecttytodhe 3VQpewler capaci t o
supply to reduce the jittering from the-Bo batteryM1 terminal connects the wheel

motor of the half module to the DRV8833 and PWM pins. POTMOTOR terminal

connects half module joint to the DRV8833.
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Figure 3.10 :PCB design and the ssmbledregulator Bardwith components on
it.

3.4 Communication Structure

In this section, communication structure inside of an ULGEN module and inter

modular communication is presented.

3.4.1MicroProcessor Communication Network

Teensy 3.2 microcontroller has vaus types of communication protocols including:
UART, I°C, CAN and SPI protocols. In order to minimize the amount of cafleis |
selected for communication between master Teensy 3.2 and slave hexagonal body
cards Figure 3.11lillustrates the communicatimetwork of the electronic components

of a module. Teensy 3.2 has twéCi channels and master microcontroller
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communicates with the IMU in one channel and communicates with slace

microcontrollers on the other channel.

MASTER
eC MCU

%

Figure 3.11 : The communication protocols andvies in a module

3.4.2Wireless Communication Network

Modules communicate with each other to achieve autonomy during docking and
locomotion tasksXBee modules use the ZigBee protocol which operates at 2.4GHz.

These modules can transfer up to 900 kBits pesrskc

XBee modules on each ULGEN module has a different ID. Modules send their ID
when they are powereah and if there is a master module already selected in the
environment that master module can request other modules ID Batdn module has
given apre-defined ID which is the identical address number of XBee modules. XBee
modules are set to the APl mode which allows automatically sending data
acknowledge packs which helps the modules determine if the communication attempt
is a success or not. Thisnittion ables to keep the communication going between
modules by resending the same communication package if it fails. Hence, the modules
will not be idle and wait for data if the communication is faulty or not synchronized.
Modules need to send and reaedlata and move in sequence during a docking
mission. Modules should be able to recover communication faults by keep requesting

or sending the data which did not arrive.

Wireless communication is used during docking tasks and synchronized motion tasks.

Eadh communi cation packet arrives with sen
the checksum. Receiver calculates the checksum and sends it back to the sender. Once
the handshake is done communication is completed. If it the transmission is successful

which means that the packed which is recieved is sent to the ID which the receiver has
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and the data received without any corruption, then the receiver module reacts to this
data considering its sendero6és | D and task.

Modules send one byte data during dockasks, selecting a master module task. Four
byte string data is sent by the master module when the modules are in a configuration
to actuate a specific motor of the slave modules. Each module is coded to react to the
first byte of the received data. Thensmunication data may consist only a byte

depending on the type of the task.

In order to move a joint of a slave module during a configuration, master module sends
a string data which consisigé characters in it. Firgineof the characters is M which
stands for motor and indicates that slave module is being requested to move one of its
joints. The second byte is a numeral which indicates which motor is required to be
actuated. Finally the lagtteenumerals indicate which angle the motor should rotate.

Figure 3.12 shows the general structurX d8ee data structure to actuate the motors.

+ +

Drive the Motor 1- Half Body 1 000-180 Degrees
2- Half Body 2
3- Central Joint
4- Wheel 1
5- Wheel 2

Figure 3.12 : X-Bee data packet structure
3.5 ULGEN Library Functions

The software that is uploaded to the ULGEN modules should be parametric. The only
parameter that should be chaddge each module is the PAN ID of XBee wireless
modules.The functions which ULGEN modules use in order to accomplish and
respond to the tasks such as performing locomotion, sensing and communicating are

given below.
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3.5.1ULGEN Master Controller Functions

T

WheeStance This function actuates both of the half bodies to a certain position
where the wheels touch the ground and lifts the module on its wheels allowing
to switch to the differential drive mode.

CrawlStance This function rotates the half body joints ttee resting angle
when it is called. Resting angle is considered as the angle which the half

modules are parallel to the ground.

JointlPos (int Angle Voltage level on the first half body joint is read by the
master controller at when the half body igated to its limit in counter
clockwise. The desired position is added to the potentiometer readings. Once
the setpoint for the PD controller is set, master controller sends PWM signals
to the motor driver. Master controller brakes the motor when theisetpo

reached. Finally, ServoDonel variable is set to 1.

Joint2Pos (int Angle)This function works as same as the Joint1Pos function.
However, Joint2Pos function controls the second half body joint and when the

task is completed it sets ServoDone2 to 1.

MagnetoRead ()This function calculates the heading angle of the module by
combni ng t he r eadi rsgrmgnefomeaiem and byeoscopeM U 6
Libraries for the magnetometer and gyroscope is used to read the raw data.
These libraries set the communicatioaeteeen the sensor and the master
controller. MagnetoRead function, calculates the heading of the magnetometer
by using atan2 function. Declanation angle is added to the heading which is
calculated by atan2. Declanation angle varies around the earth. Hence,
declanation angle should be coded into the function. Once the master controller
gets a reading from the magnetometer it starts to request data from the
gyroscope. The gyroscope data is measured befor®mdule is ready to
operate. Tie oscillation of theaw data value is noted so it can be neglected to
prevent drifting. Gyroscope data is read in 10 milliseconds intervals and it is

integrated to calculate the new angle.

WheellPos (int AngleThis function actuates the wheel on the half body which
includesthe hexagonal bodies 1 and 3. The variable which counts the pulses is
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initialized in the beginning of the function. Then, the setpoint for the PD
controller is set. Lastly, according to the setpoint master controller feeds one
of the PWM inputs of the motalriver which drives the wheel 1.

Wheel2Pos (int Angle)This function is the same function as WheellPos

function but Wheel2Pos function actuates the wheel 2.

Safety() This function protects the mechanical parts from breaking if there is
something wrongvith the coding or the components during the experiments.

Half body joint positions are measured by potentiometers which are connected

to the ADCOGs of the master controll er.

this joints over rotate and break duriexperiments. Once this threshold value

is exceeded, master controller stops feeding all of the motor drivers with PWM.

DrivePos (int Pos1, int Pos2, int Angléhis function requires the module to

be in the WheelStance mode if the module is in Crawl&tanode, this
function forces the module switch to the WheelStance mode. Once the
WheelStance is done function rotates the wheel motors to the desired angles.
Firstly the pulses which has counted from previous tasks is initialized to zero
while the numberd total pulses is saved. Once the initialization is completed
wheel motors are driven until the desired angle is achived. This function allows
the modules move forward, backward and around its center. Posl and Pos2
arguements decide which angles shouldléor or motors to rotate while the

arguement Angle indicates the angle of the half body joints.

DriveSpeed (float RPM1, float RPM2Wodules may require to perform
locomotion with a constant velocity in swarm robotics tasks such as following
the modulen the front while keeping the distance or moving in a formation.
This function uses a PI controller which allows to reach the desired RPM
values which are defined by the arguements of the function. Setpoint is set as
the desired speed of the wheels in Blecontroller. The speed of the is
measured by using the timer on the master controller. As the motor starts to
rotate the pulses of the encoders are counted in 50 milliseconds intervals. The
difference between the pulses in every 50 milliseconds inditla¢erotational

speed of the wheels.
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1 CenterMotorPos (int Angle)This function rotates the central joint to the
desired position. Firstly the variable which counts the encoder pulses is
initialized. Secondly, the setpoint for the PD controller is catedlaFinally,
the central joint motor is rotated until the conditions meet.

1 CrawlForward (int Angle) This function makes the module crawl forward.
This moves the module toward the direction where hexagonal body #1 and #3
resides according to the centertloé module. Hence, this function articulates
the half body which consists hexagonal bodies number 1 and 3. This functions
arguement indicates how many degrees should half bodies rotate. This allows

to decide to move in higher or lower displacements.

1 CrawiBackward (int Angle) This function performs locomotion as same as
CrawlForward function above. However, the direction of the movement is the
opposite wayin this function. When this function is running the half body

which consists hexagonal bodies numbeand 4 articulate first.

1 BatteryRead () This function keeps track of voltage levels onaFad battery
cells. The voltage | evels are read th
and the data is multiplied by the ratio of the voltage dividers. If ortaeof
voltage level which is measured by the master controller drops below 3.3 Volts,

master controller stops all the running tasks and functions.

1 IRProxCheck ) This function sends one byte of data to all of the slave
controllers. Slave controllersindac hex agonal body 11 1 umir
and take measurements from their IR Photoresistors. If there is infrared light
reflected from a surface and if the collected light on the Phototransistor is
strong enough to exceed the threshold ADC value, mastdroller gets a

character which indicates if there is an obstacle in front of any hexagonal body.

3.5.2ULGEN Slave Controller Functions

Slave controller functions respond to the data which is received from the 12C
communication protocol. These functions takeasurements from the IR receiver
modules, check if there is an obstacle, take measurements with the IR phototransistors
to find out if the slave module is aligned in the docking phase, check if the docking is

complited and cont r tohsindbckinggrasek i ng mot or 6
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1 Ch ar aROMWhen hi®character is received, thkave controller checks the
IR phototransistors to align the module before docking is completed. This
action is completed with a respond to the master controller which indicates if
the module is on the right, on the left, in the center respectable to the stationary
master module during docking process. This character is only sent when the
master module receives certain data from the IR receivers. The set of data
which collected fronthe IR Receivers are measured experimentally on the
prototype. Hence, the slave, mobile module receives this character only if its
40 cm far from the stationary module and close to the center of the docking
interface. Same character also checks if thehar@cal switch which indicates

if the docking process is completed.

T Char ac:fhasris thiedist character of the docking IR sequence. IR
sequence is a continous data communication which helps the modules to know
their relative position to one anotheturing docking process. Takes
measurements from the IR receiver modules. These modules take
measurements at the same time so that, IR data which is sent from the
stationary module can be read at the same time. Measurements are added to a
variable and thigariable indicates a binary data. If the IR data is received each
variable for each IR receiver module is 1, else its 0. These data is sent back to

the master controller to be evaluated.

T LOCKMOTOR (int Angle)This function is called when the mechanicaitsh
is triggered by the slave controllers in the docking interfaces. The arguement
of the function should 90 for locking and O for unlocking. There is a PD
controller which uses the ADC measurements from the potentiometer as input.

The output of the contller is the PWM signal which drives the docking motor.

3.6 Docking Algorithm

Autonomous docking process between modules can be divided into six phases.
Docking algorithm of a slave, mobile, module is shown pseudecode,

AS|1 av e Mo d u | peo@rancFist magudles decide on a master module to dock

on its docking interfaces. This will be done by collecting RSSI values from each
module then deciding which module can be determined as the center of scattered

modules. After the decision process, the masterulodd 6 s | D wi | | be sent
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modules (line 1). Master module acts as a docking station while slave modules try to
dock onto the master module.

Master module will emit data from each docking face through its IR LEDs. Each IR
data contains certain dockifece ID, module ID and LED ID. Second, slave modules
will move around and try to collect data from their IR receiver modules on each
docking faceFigure 3.13 indicates the data structure that is emitted during docking
process by the IR LEDs.

+

Sender Module ID

1-3

01-99

Figure 3.13 :IR LED dat structure

Once the data is collected, modules will stop moving and next step will begin. Third
step includes requesting compass data to make its orientatiorelpralie docking

face (line 211). Fourth step is deciding the closest docking faceefthster module,

using the amount of received data from a face (®el4). Slave modules can check

if that face is available to dock. If the face is not available, master module can send the
available docking interface data and help the slave moduitaate until it receives

data from the decided face (lid®, 18). When the docking face is decided, the slave
modul e will request data from I R 20eDs of
The result of the collected data will be used to deteritinaeelative position of the

slave module to the master. Fourth step is moving closer to the docking face. If the
slave module is on the left of the docking face it will crawl to the right, if it is on the
left it will crawl to the left and if it is in tb center it will move forward on its wheels

(line 25-29). This iteration willc ont i nue unt i | the sl ave
phototransistors get a higher input thia® decided threshold value (li8@-34). Figure
3.14shows the image taken from an autmoas docking simulation when the slave

module is closing up to the master module.
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Stationary Master

Mobile Slave
Module

Figure 3.14 : A slave module approaching to the master module during docking
process

PROGRAMSIlaveModuleDocking:

01CALL SendModulelD()

02 READ Orientation From IMU

03 READ reference aentation from the Master Module
04 SET Orientationef to Master Module Orientation
05 SET Orientationmodueto Orientation From IMU
06 IF (Orientationmodue< Orientationer) THEN

07 CALL RotateRobot(ClockWise)
08ENDIF

091F (Orientationmodule> Orientationrer) THEN

10 CALL RotateRobot(CounterClockWise)

11 ENDIF

12 READ from IR Receiver Module

13 SETIRDetect to IR Receiver Module Data

14 DETERMINE Face to Dock

151F (Face to Dock Not Availabl&)HEN

16 Request Available Dock Face

17 ENDIF

18IF (Face toDock Available)THEN

19  WHILE (docking not completed)

20 CALL IRSequendg

21 READ from IR Receiver Modules

22 SET IRDataPosition to data read from IR Receiver Modules
23 READ from IRPhototransistor

24 SET PhotoTransistosetectto data read fromR Phototransistor
25 CASEOF IRDataPosition

26 IRarea,e : CALL CrawlForward()

27 IRarea,s : CALL CrawlIBackward()

28 IRarea: : CALL DrivePos()

29 ENDCASE

30 IF (PhotoTransistasetect™ 0) THEN

31 AdjustToDock=TRUE

32 ENDIF

33 ENDWHILE
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34  IF (AdjustToDock==TRUEJHEN

35 CALL AdjustTheModule()

36 IF (PhotoTransistaserect™> Threshold)THEN
37 CALL DrivePos() to DOCK

38 CALL LockConnector()

39 ENDIF

40 ENDIF

41 ENDIF

42 END.

Once that value is reached the fifth step will beginthia fifth step, slave
module will align itself for the last time by using the two phototransistors on the
docking face (line5). Slave module will crawl in smaller angles. Thus, a locomotion
with smaller displacements to align male and female connecitirseaperformed.

The final step involves moving forward on wheels until the mechanical switches are
triggered (line 3, 38. When they are triggered, the locking mechanism twists the
latches and locks the modules together. Autonomous docking is simoiaié&ep
software up to five modules. Modules decide which face to dock while they

communicate to each other and reconsider the decision if necessary.

3.7 Localization

Modulesare testedor localization applications using trilateration algorithms. If the
modues are given the task to identify the environment or search for a goal, some of

the modules will get the task of being beacon modules and some of them will get the

Modules will be tested in future for localization applications using trilateration
algorithms. These algorithms will locate the modules using distance data which is
evaluated from RSSI values using ENgrmal Shadow modePRB]. This model is a
generalized to be used in both indoor and outdoor environments by calibrating the
measurements. If theodules are given the task to identify the environment or search
for a goal, some of the modules will get the task of being beacon modules and some
of them will get the task of being scout modules. To map the environment or find and
locate a goal, scoutadules travel around and beacon modules stand still. Trilateration
method can be used to spread out the scout modules and control their relative positions.
As a result, less time will be consumed to find the goal or identify the envirofBhent
Scout modles can scatter around and if they detect the goal, they can send signals to
the other modules. The other modules can form a structure and relocate together to that

location. If a single scout module is blocked by an obstacle, it can send a signal to
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othermodules, requesting to form a configuration with the rest of the modules. Thus,

the obstacle will be avoided.

3.7.1RSSI Distance MeasuremenExperiments

ULGEN modules have aluminum frame which makes the RSSI values that modules
receive noisyThe radio propadeon patterns in different environments has the aspects

of nonisotropic path loss because of the obstacles or the type of material in the
unknown environment. Therefore, there is a need for an analysis and experiments to
define the irregular patterns. tinese tests, two modules are placed on a grid map and
X-Bee modules are communicated to each other 1000 times. The method that is used
in this experiments offer the same propagation constant for each measurement node.
In order to define the propogation aant the module should be placed with 1 meter
distance between them and the RSSI values should be loggedRSSI can be
computed by using theguation(3.6). The propagation constant is definednas is

the distance from the sender ahd the receied signal strength at 1 meter distance.

YYYO p HGE QB (3.6)

However, using a calibrated uniform signal propagation constant has some drawbacks.
If only one propagation constant is used to compute the distances, the computed
distances will be miscalculatedhe RSSI measuremisnare logged and then the

bi ggest and small est
calculated.Figure 3.15indicates the measured distance with altered propagation
constant values.
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3.7.2Trilateration Algorithm

Trilateration algorithms are used to determine an objects location considering RSSI
values that is received by the object. In order to locate the object there should be beacon
wireless modules arod the object. Trilateration algorithm finds the location of the

intersection point of the distance between the beacon maahudiethe object.

Trilateration requires at least three of the beacon modules. All three of the beacon
modules send a signal to tbeject and object measures the RSSI values for each

beacon. The object has three distance that can be trilaterated.

3.7.32-D Trilateration

2-D trilateration locates an object in XY plane of the coordinate sy3teenunknown
location of the object is definazh X axisx and on Y axig. The locations of all three
reference nodes should be known. The location of the reference node 1,2 and 3 can be
defined as,y1,x2,y2,x3 andys respectively. The distances from the unknown node to

the reference nodes defindgdd, andds. Figure 3.16 indicates the interferred point on

the circles which gives the location of the module.

Calculation of the Position Using Trilateration

Unknown
Position

-5 0] 5
X Axis (m)

Figure 3.16 :Calculating a unkown position of a module using trilateration
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The distances of the reference modules to the unknown position form a taadgle
using thePythagorean Theorethe equations(3.7)to (3.9) can be written.

W W W W Q (3.7)
0w W W W Q (3.8)
0 W W W Q (3.9)

The quadratic equation system can be simplified by substitinggtieion(3.9) into

other equations. Thus, two linear equations are found.
CO Ww ¢Cw ww Q Q W W w w (310
CO OWWw W wo Q Q 0w W W W (3.12)

These equations can be solved using Cramers retgiatiors (3.12) and(3.13).

Q Q W ® W 0 W o (3.12)
. Q Q W W 0 W o
© Co © o o
CO W (W O
Cw Q Q 0w o 0 W (3.13)
. W o Q Q 0w 0w W
w CO W (W O
CO W (W O

The position of the node can be calculated solving these equaliocB&EN modules

can performearch and find missions by using the trilateration method. Three modules
can get the role of being reference nodes, beacon modules, and one or more modules
can move around while the position of these scout modules. Once the initial
measurements are takéme scout module can travel to a certain distance and the
measurements can be taken again. Using the scout modules a certain environment can
be grid mapped by using the proximity sensors on the scout motigesver, the

beacon modules should be locatedreown positions so the calculations can be made.

The initial positions of the beacon modules can be calculated if the master beacon
module which collects all the mapping data is considered to be at the position (0,0).

All the beacon modules should hate samdiading anglelue to the notuniformity
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of radiation pattern of the -Bee antenna. Therefore, during the RSSI measurements
the modules should beadingthe same heading andl®m the IMU sensorThe
position of the second beacon module is consiiey be on the X axaf the reference
frame In the initial state the third beacon module will drive on its wheels forwards to
a specific distanceBy measuring the initial RSSI value of the third beacon module
and the RSSI value after the third moduleves forwards the Y axis of the system
can be defined. If the RSSI distance readings are decreasing as the third beacon module
is moving, the Y axis should be towards to the third beacon mddsileg the law of
cosire theanglesA, B andC can be calculad andcoordinates of the third beacon
module can be found by calculatiXg@andY 6Equation(3.14) to (3.16) indicates
using the law of cosine to calculate the arigjl@he distances between the beacons
are indicated a®1, D> and Ds. The position of th third beacon module can be
calculated using the angBe Figure 3.17 indicates the geometric relation between the

beacon modules and the scout modules.

P 0O O © (3.14)
qOXO)

® O ©0VzAT® (3.15)

® 0zOE1T (3.16)

Master
(0,0) Beacon

Module 3

Module

Figure 3.17 :The initial positioning of the beacon modules and the scout module
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The scout module should adjust its heading ergfter it completes performing
locomotion to recalculate its position. At this stage of the study a prediction based
tracking method could not be implemented. A prediction mefigdvhich takes the
travelled distance and RSSI measurements in consaehe implemented to reduce

the calculation mistakes
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4. LOCOMOTION KINEMATICS AND SIMULATIONS

ULGEN modules are modelled in-Rep environment before the first module is
manufactured. Locomotion types, various configurations, sensorsdaoking

algorithm is tested on this software.

4.1 Implementation Of ULGEN Modules in V-REP

V-Rep is a robot simulator software where sensors, mechanisms, actuators can be
modelled.V-Rep is usually used to verify the structures and algorithms, speeding up
the execution time of the algorithmBhe users can use the robot structures that is
already modelled in the software or they can model their own systems by creating
shapes andising the sensor models in the softwaveRep is used to verify that

ULGEN modiles can function properin therealworld with its sensors.

V.-Repbs physiscs engines function the bes
Hence, the 3D model of the ULGEN module can not directly imported to-#Rep/
software. The 3D model of tireodule should be siplified so the simulations caan

fast and physics engirman only calculate proper contacts between shapes. Therefore,
pure shapes are created in the software by simply adding shape and selecting pure
shape optionPure shapes are agttito simplify the module where the DoF exist and
where the module interacts with the environment such as the ground and other
modules.Pure shapes are the dynamic objects which interacts with the environment.
Joint actuators are connected to these puepeshThus, the simplest ULGEN
modul e 0s -Repsoftware includesdx pure shapes itotal. Two of them are

pure cuboid blocks which represent hexagonal bodies which require to interact with
the ground in order to make the module move. The thiddtla@ fourth shapes are
cylinder pure shapes which represent the wheels of the module. These cylinder shapes
interact with the ground to move around and interact with other modiledast two

pure shapes consist of two cuboids. Each of them represerdldeint parts which

are connected to the-Bhaped frame. One of these pure shapes has a joint actuator
which makes the shape rotate respected to the other shape acting as the central joint.

Figure4.li |  ustrates the ULGEN emtuctwe. ebés si mpl
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Figure41:An i ndi vidual ULGEN modul eds st
calculation time.

Checking a systemb6s stability while i
implementing simulations. Therefore, each pure shape should reflect the sasje ma
inertia and center of mass attributes as the prototyped CAD model. As it is mentioned
above in the sectial 4., center of mass and inertial properties of components has been
calculated using the NX 8.0 CAD software. Inertial and mass propertiescee tad

each pure shape object in the modggure 4.2illustrates the dynamic properties of

half body 1 and t the V-Rep simulation.

[] statc [] Set to non static f gets parent
[] startinslespmode  [] Parent follows

Body ia respondable
Locatresooratie mask  [FTCTZIV] [FIFTET]
mask

static 7] Set ta oo staticoats parant
Start in sleep mode. (] Parent follows.

an

[¥] Body is respondable
Local respondable mask  [VIVIT [ [T 11
Global respondable mask_ [VIVIVIV] WIVIVIV]
Material 7] [eac)

Figure 4.2 : Dynamic properties of half bodyahd 2in V-Rep
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Local respondable mask [V 11| [ 111
MIZIZ1¥]

[] Set to non static if gets parent
7] Parent follows
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Figure 4.3 : Dynamical properties of the central joint parts HR€p simulation
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Figure 4.4 : Dynamical properties of wheéland?2.

The CAD model of the module is also addto the YRep software to implement
sensor interfaces properly. Docking sensor positions must be precise to test the
docking algorithm. Hence, a detailed CAD model of the module including the U
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shaped frame, hexagonal bodies and wheels are added tontitatison. These parts
are added as static objects which have no ability to be actuated. Static objects can be

detected, measured and are collidable and rendeféplee 4.5indicates thestatic

shape body model

Figure 4.5 : CAD module of an ULGEN module includjronly the frame bodies

Pure shape bodies are made invisible to decrease the amount of bodies in the graphic
interface to make the simulations more understandable and E&giree. 4.6indicates
the CAD model and the pure shape simplified model combtogdther in the

simulation to give the reader an insight how they are implemented.

Figure 4.6 : Pure shape structure and CAD model of an ULGEN moduleRep
simulation.

Once the mechanical structure is implementled,only missing components are the
joint actuatos and sensors.-Rep manualZ3] suggests to use a simple hierarchical
structure in simulations$n order to the manual, all the noiynamic objects should be
attached to the dynamic objects. Hence,-dgmamic objects should be the children
nodes of the yhamic objects. Therefore, joint actuators should be child node of a pure
shape and the object that joint actuates should be the child node of the joint actuator.
There are five joint actuators in the ULGEN module in the simulation. Two of them
rotates thenexagonal bodies, one of them actuates the central joint and the last to

actuates the wheelRed cylinders indicate the joint actuatorg-igure 4.7
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Figure 4.7 :V-Rep model of an ULGEN module with joint actuators.

The V-Rep model of the module can crawl andrdion its wheels with the adjustments
above.However, this model is not adequate to accomplish the autonomous docking,
multi-module locomotion and obstacle avoidence simulations. In order to make the
model in the simulation as same as the actual ULGEN hapg@uoximity sensors
added. Cone type proximity sensors are added to each hexagonedfmefted to the

IR phototransistor grooves on the hexagonal bodEsch proximity sensor
corresponds to a IR phototransistor and a IR LED combined together. Taesia a
proximity sensorsn the obstacle avoidance part of the simulation. These sensors are
shown inFigure 4.8 Proximity sensors should be set to Explicit Handling option on
the Scene Object Properties window. Hence, proximity sensors will not be mgasur
every simulation time. Instead, measurements will be made whenever proximity
sensors are called in the script which is written by the user. This option saves large
amount of calculation time where more than ten proximity sensors are in the

simulation.

J Detection Volume Properties

Volume type (Cone k3
jume parameters

Figure 4.8 : Proximity sensors used for obstacle detecting purposes in simulation

Proximity sensors allow the modules move around and avoid obstBdeking

simulation requires docking sensors, docking mechanism and wireless
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communication.The model hierarchy odbn ULGEN module including only the

actuators, pure shape bodies and IR proximity sensors are showrkigute4.9

B e ':ﬁ g ='=.; — = .
= Ej Pure Simple Shape
@
“ Qﬁ‘a ..
a 7, Proximity Sensor
] UShapedFrame#2 @ Dummy
@
P
1— G Simple Random Shape
o O p p
= tﬁ]
{y UShapedFrame2#2 .
o &7  Revolute Joint

Figure 4.9 : Basic model hierarchy of an invidual module

The connection between two docking interfaces can be done using Dummy objects in

the V-Rep software. Dummy objects act like rigid links between the connection

points. Dummy objects are not physical entities. They laasicly points with an

orientation and a reference franiach dummy becomes a connection point and they

should be placed corrdégton the model. ULGEN modules have four autonomous

docking interfaces. One pair of dummy objects are located on each docking interface.

Paired dummies share the same coordinate position, in other words, they in the center

of each other. Thus, coaxilaty Wbe established in the connectio@onnection

dummi es on each docking interface should be
overl ap constrai nt dbigoptioromakestheaurmmees dvezlaps el ect e d
to each others reference position. Thasting like a rigid physical connection.

Dummy pair in some of the docking interfaces are showsigare 4.10

Connection Dummies

Figure 4.10 :Placement of connection dummies on hexagonal bodies
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Connection dummies can be activated in the scripts which is written by the user using

API functions. Autonomous docking simulation requires each module to detect
stationary docking modul eds docking inter
docked each other properly and if they are close enough to each other. Therefore, to
increasehe autonomy in the docking process, a proximity sensor is addeddadie

hexagonal bodySimilar solution exists in \Rep models under gripper models named

as fASuction Pado. The connection betweer
proximity sensor dects one of the dummie$hese proximity sensors should only

detect the connection dummies. Once the docking faces are determined proximity
sensor 6s detection options can bEgumani pul

4.11 shows the proximity aeors which help to establish dummy links in simulation.

Volume type [cone ~]
Volume paramef ters.
Offset +0.0000 Radius 0.0150

X size Angle 40.00
¥ size Face count 32

ace count far
¥ size far Subdivisions 1

Connection Proximity Sensors \

Figure 4.11 :Placement of connection dummy detecting proximity sensors

V-Rep includes a wireless communication API function to emit data from an object.

A dummy object can have the tasksendingany sort ofdata into the simulation
environmentAPI function fAsi mSendDatao uses t he
the data. Moreover, the horizontal, vertical and the radius of the data emission can be
adjusted in the API functio.he range properties of the sashould be same as the

range properties of the IR LEDBEhere are three dummy objects added as child objects

to each hexagonal bodyigure 4.12indicates their position and orientation.
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IR LED dummy objects

Figure 4.12 :Orientation of the dummy objects which emit IR data

Inffraredda a transmi ssion is required to deter min
anotherDummy objects can also receive wireless data with an API function. However

receiving function does not include any parameter that changes the field of view (FoV)

of the reeiver. Autonomous docking simulation requires both IR LEDs and IR

receiver modules to have certain FoV. Therefore, modules will be able to receive some

or all of the IR data depending on their relative position to the sender. API function
fisimReceiveDatamakes a dummy object receive wireless data if that dummy object

is in range of the sender. Hence, receiver dummy object can receive IR data from any

angleif it is in the range of the receivefhus, a proximity sensor is also needed to

detected if the se&ler dummy object is in the range of the receiver. This proximity

sensor should have the same range properties with the IR receiving module. Each

receiver dummy object should have a proximity sensor in the exact location in the

same orientation. In summaiiR data receivers are modelled with one dummy object

which receives the signals and one proxi mit
dummy object is in the range of the receiver. Proximity sensors should have 3m range

wi t h KN 4Fguke 4R18ndicateshe placement of IR receiver dummy objects and

IR receiver module proximity sensor (Only one of the proximity sensor is shown, there

should be three proximity sensors on each docking interface, in the figure in order to

make the figure simpler).
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IR receiver dummy objects IR rew sensor

Figure 4.13 :Positons and orientations of IR receiver dummy objects and proximity
sensors.

The sensors, customly created IR LEDs and IR receiver modules in the simulation
scene give modules the ability of sending each other IR data and calculating their
position respectedtanotherlR phototransistors are also used in the autonomous
docking algorithm as mentioned in thextion 3.7. IR phototransistors help the mobile
slave module, which is moving towards to the stationary master module to dock one
of its docking interface to align itself to the docking interface. There are two
phototransistors placed on each docking interface. These phototransistors are the same
phototransistors which sense the obstadle®ep software gives the possibilty to
extract the distance dathan obstacle which is in the range of the proximity sensor.

It is also possible to measure the normal distance of the obstacle to the proximity
sensor. However, phototransistors does not collect the light vertically. The light which
is emitted from IR LEB expand in every angle of the FoV of the IR LEDs. Thus,
phototransistors may collect light beams in various receiving angles. Four proximity
sensors are added to each docking interface to help to align modules before docking is
completedThese proximitysensors are located such a way that forms five detection
areas. Two of the proximity sensors are added on the docking interfaces and placed
relatively far from the center of the hexagonal body. These sensors detects if the
module is on the far left or faight. The other two of the sensors are relatively have
smaller FoV to the ones which are placed far from the center. However, the smaller
FoV sensors are closer to the center of the hexagonal body and they intersect and form
an intersection area. Once skesensors detect the connection dummy object, module

performs locomotion to the side which will keep the connection dummy in the
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intersection area of the proximity sensbigure 4.14 illustrates the IR proximity

Sensor areas.

\% 4

Figure 4.14 :Five intersecting areaseated by four proximity sensors to simulate
the phototransistors on hexagonal bodies.

A detailed model hierarchy of an ULGEN module is given irufégd.B. The figure
on the left indicates the shapes, sensors and dunuhiesf body lin detail. The

figure on the right shows the children scene objects of half body 2.
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Figure 4.15 :Detailed model hierarchy of an individual module.
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API functions are used to tethe modules in MRep environment. There are several
hundred API functions and these functions can be célted an embedded script.
ULGEN module simulations mostly use the functions which control the jdaks,
measurments fromhe proximity sensorgheck object properties, send wireless data

and activate the dummy connections.

The API functions which arused in ULGEN robot simulations can be found below.

These information are taken fromRepAPI function list[24].

1 simSetJointTargetPositicarctuates the joint to the given position if the joint is
in torque/force mode. Its parameters are the handleegbint object and the

target position of the joint. It return$ if the operation is unsuccessful.

1 simGetJointPositiomets the intrinsic position of a joint. Its parameter is the

handle of the joint and it returns the position of the joint.

1 simSetObjdint32Parametersets arint32 parameter of a scene object. In the
simulationsonly theparamete2001is modified. This parameter controls the
joints function mode. If the parameter is seOtthe joint is in speed control
mode and if its set to anothealue thar0 the joint is set to the position control

mode.

1 simRMLMovetoJointPositiorectuates more than one joints at the same time
to the desired positions. It hten parameters; (§9intHandles (2) flags, (3)
currentVe] (4) currentAccel (5) maxVe] (6) maxAccel (7) maxJerk (8)
targetPos (9) targetVel (10)direction The function returns the result of the
operation and tables which have the velecotiy and acceleration data of the joints

after the operation is done.

1 simReadProximitySensogadste r esul ts of the proxi mi
Its parameters are the handle of the proximity sensor object, the coordinates of
the closest detected point, handle of the detected object and normal vector of
the detected surface.

1 simCheckProximitySensahecks if the proximity sensor detects the entity
given to the function. This function is used when the proximity sensor is in
explicit handling mode. Its parameters arestesorHandlevhich handles the
proximity sensorentityHandlewhich handles a singlebject or all of the
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objects to be detected by the sensor. This function retesast which is-1 if
there is an errof) if no entity is detected ardif an entity is detectedinother
return value isdistancewhich gives the value from sensors origm the

detected point. LastlygletectedPoingiives the position of the detected point.

simSetJointTargetVelocitgllows the user to set the intrinsic desired target
velocity of a joint actuator. The joint motor should be in the torque/force mode
to use ths function. Its parameters aobjectHandleand targetVelocity It

returns a value if the operation is successful or not.

simReceiveDataeceives wireless data in the simulation. The parameter
dataHeadelis set to 0 as a default. This parameter setsahg\of the owner

of the message. Second paramd&taNamendicates the type of the message.

It works as a header of the message and the wireless messages which belong to
different tasks have different data names. The third parameter is the
antennaHandlevhich handles the object which operates as an antenna. This
function returns four values. First is tld@ata which has the string which
includes the received data. Second value is caélader|Dwhich indicates the
identifier of the sender. Third is tldataHeaderwhich is the header of the
message. Finally the fourth value is caltstaNameand this value contains

the name of the data.

simSendDatsends wireless data in a simulation. There are 10 parameters for
this function; (1targetiDindicates theeceivers ID, (2)dataHeadeindicates

the header of the message, d@jaNamewhich indicates the type of message,

(4) datais the data which is to be sent, (@talLengthindicates the length of

the data, (6@antennaHandlandicates the object which vioperate as an
antenna, (7)actionRadiussets the radius of the transmission area, (8)
emissionAnglekets the opening angle of the vertical transmission area, (9)
emissionAngle&ets the opening angle of the horizontal transmission area and
finally (10) persistencesets the simulation time duration which makes the
wireless data available for receiversis function returnsl if the operation is

not successful.

simGetObjectOrientatioorings the euler angles of a selected object in the

simulation scendrirst parameter of this function is calledjectHandle This
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parameter indicates the object that is to be measured. Second parameter
relativeToObjectHandlendicates what the euler angles should be retrieved
relative to. FinallyeulerAnglesorings a tale of values which consists euler
angles. This function return§ is the operation is unsuccessful. This function

is used to operate as a magnetometer in the simulations.

1 simGetObjectHandleetrievesa scene objects handle. This function is used in
the awonomous docking simulation where a module is done selecting the
closest docking interface. Script automatically defines the connection dummies

and proximity dummies.

1 simSetLinkDummgets a dummy to dummy link pair. This function has two
parameters; (1YummyHandlewhich is the handle of the first dummy, (2)
linkedDummyHandlevhich indicates the handle of the second dummy. Second
parameter should be set-tbto unlink the dummies.

1 simSetObjectParenthanges an objects parent to a defined object. This
function is used when two docking interfaces are ready to lock into each other.
One of the dummybés parent i n a conne
another module. This module habjectHandleand parentObjectHandle
parameters. First of them defines the obj® be processed. Second of the
defines the object that will become the parent.

4.2 Single Module Locomotion Modes

ULGEN can perform locomotion in two modes; crawling and differential drive.

4.2.1Crawl

ULGEN can perform locomotion in two modes; crawling andedéhtial drive. In

order to crawl, module rotates the front half module, the one closer to the movement
direction, to a certain angle. The pivot points of the rotation are the edges of the
hexagonal parts. Hence, when it rotates the other half module caadged forward.

Once hexagonal parts rotate up to 25A, t
placement of coordinate frames. Link lengthslare andlz and angles of the joints

aredi, 2, @ andUrespected to the Fige 4.16 Wheels have strips attached on them,

which are made of high friction material. Thus, when the wheels touch the ground they
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will anchor the module to that point. After anchoring the front half module, half
modue at the back rotates itself. Then, front half module rotates itself again but to the

other direction this time. Finally, back half module rotates to its starting point by
pushing the module forwards.

=
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=
-
q =
=
—

Figure 4.16 :Coordinte frame placements for crawling gait kineosat

The D-H parameters of the first gait can be seehahle 4.1.

Table 4.1 :D-H parameters of the first pose of the locomation

0) (@ (M)
0 O 0 0
1 ¢ 0 O
2 62 I O
3 ¢s 2 0
4 ¢4 I3 0

The general representation of homegenous transformation matrix, as a prdduct of

basic transformations, associated to a lidan be expressed as showreguation
4.0).

Using @.1) and placing the corresponding-HD parameters to each link, the
homogenous transformation matrices for each link can be determined. The derivation

of the homogenous transformation for each link is showequations4.2) to (4.5).
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The transformation matrix of thadt link to the first links derived as shown ir(6)

to (4.8). Transformation matrix for crawling gait can be obtained in equ#4iSh

Yoq A (4.6)
v o4 (4.7
YA 49

cos (0, +0,+06;) —sin(f, +06,+06;) o cos(0; +0;+0;) « 13+ cos(0, +0,) L, +cos() 1 (4.9
sin (31 T 82 + 83) cos (61 + 32 + 93) 0 Sln(gi + 52 + 53} * 13 + Siﬂ(ﬁl + 82) ¥ !2 + sin(&l) * [1

0 0 1 0

0 0 0 1

=

When the motor that drives the second joidivaluewill be increasedConsidering

that the other DC motor does not allow any rotations, joint angles can be calculated
using geometric relations. The joint angles can be determined relative to each other
using tlke equationg4.10) and(4.11). It should be considered that initidd value is

6 0 Kirst node of the kinematic chain can only rotate in the first phase of the

calculation.
P P zZ P )y Z (4.10
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The positions of the links are calculated by using MATLAB. The pswede for the
first pose of the gait is given below, p r o@rraawr HihCorssideting the first
node of the kinematic e is located on (0, 0) in a 2D plane. The first pose moves
the fourth node from (156.5, 0) to (138.5, 0).

PROGRAMCrawlPhasel.:

01 SET l1=13=45

02SETI>=111.5

03SETU=60

O4FOR(dval ues f8%)m 60A to
05 CALCULATE h, 3 d

06 CALCULATE Ty, Tz, Ts, T4 matrices

07 CALCULATE T2°, Ts%, T/°

08 DETERMINE JointPositions

09  JointPositions=[00;TL( 1 : 2 4 16 2 ,.M4): ®;, ®B) 6]
10 PRINT JointPositions.,1), JointPositions.,2)
11ENDFOR

12 END.

The second phase of the locomotion includes rotatiagear half bodyJoint angles

are calculated simply by the constraint which makes the second link parallel to the
ground.The second pose uses the same kinematic chain as the firstippgpsuedo
algorithm for the second pose is givilow in progren CiiawlPhase®. Second pose

moves the fourth node to the point (113L30) respected to the coordinate frame 0.

PROGRAMCrawlPhase:

01SETI:1=l3=45

02SETI,=111.5

03 SETd1=85

0O4FOR( U values8AYom 60A to
05 CALCULATE, 3 d

06 CALCULATE Ty, T, T3, T4 matrices

07 CALCULATETY, T:°, T/°

08 DETERMINE JointPositions

09  JointPositions=[00; F°( 1: 2 24 16 2 ,,MA): &®;, B) 0]
10 PRINT JointPositiong§:,1), JointPositiong:,2)

11 ENDFOR

12END.

The kinematic chain in the third pose is comstied by starting the chain from the rear
end of the module. The chain has the same layout but only in reverseFogdes.

4.17 indicates the placement of the kinematic chdimi rd poseds ki

nemat i ¢

starts where first Ipsheukl besconkidemrecethantheiingdial c hai n e n

value ofdhi s Biialjaint angles and their relations with each other is calculated

in the eqauationgl(12 and(4.13. First coordinate frame of this pose does not change
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its position. The enéffector, thefourth node, translates from the coordinate (0,0) to
(-18.184,0).

Figure 4.17 :Coordinate frame locations for the third pose of the gait.

Table 4.2 :D-H parameters of thinird pose of the locomotion

0) (@ (M)
1 ¢2 0 O
2 62 h O
3 63 2 O
4 ¢4 I3 O
i o 41
P Z =|= J|If . :V v _ nyv ) i ( 3
Pz P Z P 0 7 4.13

The new position on the -Rxis after the second pose is implemented to the
homogenous transformation matrices. EquatioAd4 to (4.17) indicates the
transformation matrices for the third pose of the gait.

T

iR 8 (4.19
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The psuedaode for this pose is giveninh e p r QayiPlzased i b el o w

PROGRAMCrawlPhas8:

01SETI1=l3=45

02SETI,=111.5

03SET =95

04FOR ( Malues from 88 @0/M)

05 CALCULATE b, 3 d

06 CALCULATE Ty, T2, T3, Ta matrices

07 CALCULATE TS, T, T°

08 DETERMINE JointPositions

09  JointPositions=19.3440; T ( 1 : 2 24 16 2 ,,M4): ®;, ®) 6]
10 PRINT JointPositions.,1), JointPositions.,2)
11 ENDFOR

12END.

The last pose of this gait is implemented onstéime kinematic chain as in posdBe
modul edbs pose is the sameThsposetanslatesthe t i a | pos
fourth node of the kinematic chain frori$.184,0) t0-37.156,0).

The module can crawl 37 millimeters in one crawling cyatzording to the
kinematics simulation shown Figure 4.18
b7 —i . v i

3 R 5

Figure 4.18 :Kinematic simulation of crawling gait
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4.2 .2Differential Drive

Differential drive mode is used in locomotion of both individual and rmtidule
structures and used during the docking prodessodule can switch to the differential

mode by rotating its half body join80A and standing on its bottvheels. This
locomotion mode is observed to be not as stable as four wheel drive due to the inertial
moment generated by the acceleratibime errors onhte heading direction due to this
unstablity Iis compansated by t heFigireMU by
4.19 indicates how an ULGEN module is switched to the differential drive mode in

V-Rep software.

Figure 4.19 :A module in differential drive mode in\&Rep scene.

A robot with a differential drive can move on the trajectories respected to the speed of
its wheels.Each wheel of aitferential drive robotsdrive on a radius called ICR
(Instantaneous Center of Rotation) varying its wheel speeds as ldhgyaare not

equal to each other. Let wheel speeds of wheel 1 d®d/2andv., and the angular
velocity of the robot bav and the length of a module from one side to andthEne
distance between the wheels in differential drive mode is measurednbi2The
diameter of the wheels are measured as 52Rinally considerR as the distance
between the ICR and the midpoint of the robot on the wheel Hxésheading of the

robot is given asl. Therelationship between the linear speeds of the wheels and the
ICR can be seen iequation(4.18 and (4.19.

L (4.18
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4.1
S (4.19

Figure 4.20ndicates the visual representatition of the ICR values.

‘rd —_
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R 1/2

Figure 4.20 :Visual representations of the variables used to calculate ICR.

The values of ICR and the angular veloaityare necessary to solve the forward
kinematics problem. Heading of the robot can be calculated using these values in
seconds. Assume that the inifalsitionof the robot on a 2D coordinate frame is given
as &,y) and the new position aftér seconds later is given as ,fy )0 The rate of

change of the heading is stated inelg@ation 4.20).
P of «P (4.20)

Center of rotation ICR is givesith the basic trigonometry as following in teguation

(4.29).
Lerp ErppRleppe o  vimpPdds vp (4.2)

The new position of the robot can be calculated using a 2D rotational matrix. The new
po of the robot can be computesingequation(4.20 and(4.21). The new posex( 0

y 0 , of tiedrgbot is given in thequation(4.22).

F [ ] L F [ ] (4.23

Fq ¢ &

Fa «

£
« E
P o

P

Supposing that the robot moves with a linear velocity in the local frame shown in

equation 4.23 and with an angular velocity shownaguation(4.24). The equation
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which describes the generalized coordinate of the robot is givequiation(4.25).
Vector of generalized velocities are giverenuation 4.27).

@) O.FD.F] J|| (4'23
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4.3 Docking Simulations

IR LEDs are modelled as wireless transmission souacedR receiver moduleand

IR phototransistors are modelled as proximity sensorsiep softwareThe pseudo

coe below indicates the sl ave modul ebds ac
The slave modules recieve the orientation data from the master module and change
their own orientation (line 603, 0816). The wireless communication is modelled by
usingdummy objects and streaming string data through the simulation (1#0&)04

Once the orientations of the modules are set, slave modules rdRjdesa flash from

the master module (lined¥8) . Sl ave modul es decide whi c
interfaceis the best option (line 236). If the selected docking interface is taken by
another module, the slave module requests another face ({4 37 the interface is

available the slave module requests an IR sequence which results the slave module
decidng its relative position regarding to the master module (lin®A3The slave

module moves according the its position (line@j. Once its close enough it adjusts

its position by smaller displacements and docks onto the master module {68¢. 66

Once the docking dummy is detected by the connection proximity sensor, the dummy

link connection is established (line-7Q).

There are dummy objects placed on the docking interfaces where the IR LEDs are

placed. These dummy objects are added to reduceatba@ation costs to make the
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proximity sensors detect only a specific object. IR data transmission is modelled using
thewireless transmission objectsjrdnmy objects and proximity sensors.

PROGRAMVREPSIaveModuleDocking:

01 READ Master Module 1D

02 READ Orientation FromAPI Function

03 SET Orientationnoduleto Orientation

04 READ XBeelncomingData()

05 SET XBeelncominglD=string.sub(XBeelncomingData,6,7)
06 IF (WirelessGelenID==ModulelD)HEN

07 SET Mission= string.sub(XBeelncomingDat&},

08 IF (Missim==0 OR0 ) THEN

09 READ reference orientation from the Master Module
10 SET Orientationer = string.sub(XBeelncomingData,3,5)
11 WHILE (Orientatiorodue< Orientatiorter)

12 CALL RotateRobot(ClockWise)

13 ENDWHILE

14 WHILE (Orientatiormodule> Orientationer)

15 CALL RotateRobot(CounterClockWise)

16 ENDWHILE

17 IF (Orientationmodue== Orientatione) THEN

18 SET IRFLASH=TRUE

19 ENDIF

20 ENDIF

21 SET FacelnfoMaster=string.sub(XBeelncomingData,4,4)
22 SET FacelnfoSlavesstring.sub(XBeelncomingida,5,5)
23ENDIF

241F (WirelessMessageSend==Err@GHEN

25 CALL ResendMessagg(

26 ENDIF

27 SET IRDetect to IR Receiver Module Data

28IF (IRFLASH==TRUE)THEN

29 CREATE IRreadMatrix[][ ]=0

30 CREATE FaceDecisionArray]=0

31 READ from IR Receiver Modal

32 SET IRreadMatrix[][ ] to IR received data

33 COMPUTE max valuandexof FaceDecisionArray(]
34 DETERMINE Face to Dock

35 CALL CheckDockFaceVacancy()

36 ENDIF

37IF (Face to Dock Not Available)HEN

38 Request Available Dock Face

39 GET AvailableMasterFacetoDock

40 SET FacelnfoMaster= AvailableMasterFacetoDock
41 SET FacelnfoSlave

42 ENDIF

43IF (Face to Dock AvailableJHEN

44 SET FacelnfoMaster

45 SET FacelnfoSlave

46  WHILE (docking not completed)
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47 CALL RequestFlashIRLED()

48 READ from IRReceiver Moduke

49 CALL RequestFlashIRLEDQ)

50 READ from IR Receiver Moduse

51 CALL RequestFlashIRLEDQ)

52 READ from IR Receiver Moduse

53 SET IRDataPosition to data read from IR Receiver Modules
54 READ from IR Phototransistor

55 SET PTransistofipetecTto data read from IR Phototransistor
56 SET PTransistoBpeTecTto data read from IR Phototransistor
57 CASEOF IRDataPosition

58 IRarea,e : CALL CrawlForward()

59 IRarean,s : CALL CrawlIBackward()

60 IRareac : CALL DrivePaos()

61 ENDCASE

62 IF (PTransistofipetect> 0 or PTransistoRpetect> 0) THEN
63 AdjustToDock=TRUE

64 ENDIF

65 ENDWHILE
66 IF (AdjustToDock==TRUEYHEN

67 CALL AdjustTheModule)

68 IF (PTransistofl,2oetect™ Threshold) THEN
69 CALL DrivePos() to DOCK

70 IF (Docking dummy detectehiiEN
71 SET DummyLink

72 ENDIF

73 ENDIF

74 ENDIF

75 ENDIF

76 END.

The pseudo code of the master module during &idgesimulation is given below.
Master modules start the docking process by requestin@hef the slave modules

to decide on the possible configuration (lin®)3 Master module sends its heading
angle to the slave modules when they request it (linkl)9Master module responds

to the requests of the slave modules. Once the slave modglesst an IR flash the
master module flashes all the IR LEDs (line 15). If a module picks a docking interface
before another the master module sends new docking interface data {#@g 1R
sequence is started when slave modules received the doclenigéetinformation

(line 2837). If the modules do not receive the commands from the master module,
master module rsends the commands (line-88). Once a slave module docks onto
the master module, the master module calculates the remaining modukas toest
locomotion in the configuration modeng 41-44).

PROGRAMVREP MasteModuleDocking:
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01 READ Orientation FromAPI Function

02 READ Available Faces

03 CALL PresenceCheck()

04 READ Slave Module IDs

05 READ XBeelncomingData()

06 SET XBeelncominglDstring.sub(XBeelncomingData,6,7)
07IF (WirelessGelenID==ModulelD)HEN

08 SET Mission= string.sub(XBeelncomingData,1,2)

09 IF( Mi ssion==00R0) THEN

10 CALL Sendrientation(Orientationer, ModulelD)
11 ENDIF

12 SET FacelnfoMaster=string.sub(XBeelncoming @& 4,4)
13 SET FacelnfoSlavesstring.sub(XBeelncomingData,5,5)
14 IF( Mi ssi ofMHEN=-01 RO)

15 CALL IRFlash ()

16 READ FaceToDockRequest

17 ENDIF

18 IF (Face to Dock Not Available)HEN
19 GET AvailableFacetoDock

20 SET FacelnfoMaster= AvailablerFacetaizk
21 SET FacelnfoSlave

22 CALL SendAvailableDockFace()
23 ENDIF

24 IF (Face to Dock AvailableJHEN

25 SET FacelnfoMaster

26 SET FacelnfoSlave

27 ENDIF

28 IF( Mi ssi oTfHEN-0S10)
29 CALL FlashIRLED1()

30 ENDIF

31 IF( Mi ssi oTHEN-0S20)
32 CALL FlashIRLED2()

33 ENDIF

34 IF( Mi ssi ofHEN0OS310)
35 CALL FlashIRLED3()

36 ENDIF

37 ENDIF

38IF (WirelessMessageSend==Err@f{iEN

39 CALL ResendMessage( )

40 ENDIF

411F (Docking Done) THEN

42 SETDocki ngFace=0Not Avail abl eo
43 INCREMENT NumberOf»ckedModule

44 ENDIF

45END
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4.4 Multi -Module Locomotion Modes

ULGEN modules are supposedgerform locomotion in unknown environments and
adapt the changing environment when it is needed. Hence;mudiile structures
needed to be modelled@herefore,gait tables are prepatdor each locomotion type

and structure.

4.4.1Inchworm Mode

Inchworm mode can be formed by two modules. This configuration is similar to the
crawling motion of a single module. However this locomotion mode can travel faster.
Two ULGEN modules should be dockedto the wheel docking interfacddaster
module is in charge of synchronized motidnchworm locomotion is done by
actuating four @ motors in sequenceBichworms move in @ontinuouscycle of
movement which propogates the whole system foryHrdrigure 4.21lindicates an
inchworm moving forward by anchoring its front legs while its body muscles tightens
and pulls its body and legs on its back to front. Inchworm anchors its legs at the end

of its body an moves its front legs and body forward.

Figure 4.21 :Crawling gait of an inchworm

The motion pattern of this locomotion type consists of steps such as; anchoring the
whole configuration, lifting the whole body and releasindKihematic chain for the
inchworm locomotion is shown iRigure 4.22 This kinematic chia is similar to the
kinematic chain used in one module crawling locomotidrere are only two more
joints added to the same chdinshould be noted that: equals to 45 millimeters,>

equals to 113 millimeterd,s equals to 8® millimeters and_s equals toL> andLs

equals td_1. The geometric constraint in equati@hl2 and @.13 is also used in this

kinematic chain.
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Figure 4.22 :The kinematic chain of the inchworm gait.

Table 4.3 :D-H parameters of the first pose of the locomation

0i) (@ (")
0O O 0 0
1 ¢ 0 O
2 ¢ L O
3 63 L O
4 ¢4 Ls O
5 ¢ L O
6 ¢s s O

The transformation matrices can be obtainetbbking at the single module crawling
matrices. The homogenous transformation matrices should be adjusted to be fit for two
module inchworm locont@mn. The sequence of forward motion of two ULGEN
modules connected on their wheel interfaces is shoviagure 4.23 The kinematic
relations used in the MATLAB kinematic analysis is similar to the trigonometric
relations used in single module crawletA TLAB kinematic analysis indicates that
ULGEN modules can travel 125 millimeters in inchworm locomotion mode in one

cycle.

First Pose of the Inchworm Gait i Founth Pose of the Inchwarm Gait

Displacemest i
Displacemer
g3 R

; Dupincamant (mm)
................

Fifh Pose of the Inchworm Gait

——
8 H
Displacemer

mmmmmmmmmmmmmmmm

Dupiacana
Daplacenent imn)
8 H

Figure 4.23 :Forward kinematics analysis of the inchworm locomation
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The simulation for this locomotion is performed irRép. There are someexations

in the poses of locomotion due to improve the travelling distareefirst and the last

half bodies of the configuration are manipulated to anchor the system and push the
whole system forwarddgrigure 4.24indicates how the ULGEN modules perform
inchworm locomotionThe modules are standing still on the floor in the first pose of
the | ocomotion. The first modul eds half
travel rotates itself in order to pull the rest of the configuration forward. Thaaot

of the first half body creates an achor padinthe third pose, the motors which actuate

the third and fourth joints rotate and pull up the body of the configuration thus,
dragging the rear end of the configuration. In the fourth pose, the fifdidey and

the last half body at the end of the configuration rotates. This actuation relieves the
first half body of the anchor point while it anchors the last half body. The fifth pose
lowers the whole body of the configuration while the last half lm@hors the end of

the configuration. Thus, the front of the system is moved forwards. The last pose of
the locomotion includes releasing the last half module from the anchoring angle and

making it parallel to the floor.

Figure 4.24 :V-Rep simulation of the inchwortocomotion mode

Figure 4.25ndicates the travelling distance of the inchworm pose-Rey software.

The system can move approximate@0illimeters in one cycle.
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Figure 4.25 :The total displacement of inchworm locomotion mode in one cycle
4.4.2Gorilla Mode

This looomotion mode requires two ULGEN modules connected to each other from
the wheel docking interfaces. The locomotion principle for this mode is using half
module actuator at the ends of the structure to pull the whole structure forWaisds.
locomotion s higly depended on the force which is generated by simply paddling the
wheels on the floorThe force generated from the wheels should be large enough to
overcome the static friction on the hexagonal bodies which are static on the floor.
Figure 4.26indicatesthe kinematic chain for thgorilla locomotion. Only the half of

the configurationés kinematics analysis has

Figure 4.26 :The initial position of the modules in gorilla locomotion mode

Table 4.4indicates the EH parametes of the kinematic chairl.; is the distance
between the wheel docking interface and the half body joint which equals to 49.45

millimeters. L> is the distance between two half body joints which equals to 113
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millimeters.Ls is the link distance between tegde of the wheel and the half body
joint which equals to 54.53 millimeters.

Table 4.4 :D-H parameters of the first posegirilla locomotion

0) (a) (")
0O O 0 0
1 ¢ 0 O
2 62 L 0
3 63 L 90

4 0 s O
The homogenous transformation matrix can beutated using the matrices below for

each link in equation4(28 to (4.31). The transformation matrix is calculated using
MATLAB.

"HIi R iR (4.28)

y li Hi &

8

“Hi R iR d (4.29

y lif Hi #
"H R TiP J (4.30

Y Nk W om
= (4.31)

ny

Two modules which are docked on each other on their wheel interfaces should rotate
their half bodies which has the connected interface. Thus, the two halves of a module
will have its joints ‘ertical to each other. Once the initial position for glogilla gait

is achieved, the first pose of the locomotion can st end effectors of this
configuration can be named as arms and the wheels at the ends can be named as hands
while the static Habodies can be named as the botlye firstpose of the locomotion
includesrotating the arms towards to the travelling directieigure 4.27indicates the

initial position and the first pose of the gait.
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Figure 4.27 :Forwards kinematics analysis of the initialgtion and the first pose
of the gait

The second pose of the gait includes rotating the actuators which rotate the hand

towards to the ground. The contact with the ground will anchor the configuration at

that position and will lift the body. Thus, thectional forces will be reducedrigure

4.28shows how the wheels at the both ends of the configuration as it is called hands

in this gait are propogateli.can be seen that in the figure the end effector is in contact

with the groundThe arms are rotate 6 0A and the hands are rotaf

angle of touch with the ground.

Second Pose of the Gait
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Figure 4.28 :Forwards kinematic analysis of the second pose of the gait

The third pose moves the rest of the body forwards by applying force on the anchoring
points at the end effectowheels. The total travelling distance in this gait is
approximately 109 millimetergigure 4.29 shows the third pose of the gait.
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Third Pose of the Gait
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Figure 4.29 : The position of the joints in the last pose of the.gait

Figure 4.30indicates the poses of the gorilla gait iFRép simuhtion. The modules

are connected on their wheels and standing still on the ground. The system needs to
switch its stance to the third pose in the figure below. Ttergtral joints are rotated

90 degrees. Once the half bodies at both ends of the configuaaé rotated, central

joints are rotated 90 degrees again. This time the configuration is set to the third pose
and the system can start performing locomotf@nce the configuration for the first
locomotion gait is achieved the motors which actuateathes rotate and moves the
arms forwards. When the arms reach to a certain angle, the motors which actuate the
hands rotate and the wheels touch the ground and lift the body. The next pose rotates
back the arms to the other direction. Thus, the force oarwn the wheels which

touch the ground pulls the body forwards. The next gait includes rotating the arms and
hands to the initial positions and repeating the whole cycle.

Figure 4.30 : Two ULGEN modules performing gorilla locomotion inRep
simulation
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